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STUDIES ON RIBONUCLEIC ACID ISOLATED FROM 
EHRLICH ASCITES TUMOR CELLS 


By R. A. Brown,* M. C. Davies, J. 8S. Cotrer,* J. B. LoGan 
’ ? , 
and D. KrircHevsky* 


VIRAL AND RICKETTSIAL SECTION, RESEARCH DIVISION, AMERICAN CYANAMID COMPANY, 
PEARL RIVER, NEW YORK 


Communicated by John C. Kirkwood, August 11, 1957 


Two of us have recently reported on the preparation of highly polymerized ribo- 
nucleic acid (RNA) from mammalian cells,! using an adaptation of the phenol 
technique introduced by Gierer and Schramm.? Ultracentrifugal studies show 
that, at a concentration of 0.003 per cent, one-third of this material exhibits a sedi- 
mentation constant of less than 38, and the remainder shows constants ranging be- 
tween 15S and 328. A satisfactory separation of these two classes of RNA—which 


we later refer to as low- and high-molecular-weight R NA—can be achieved by mak- 
ing the solution 1 M with respect to NaCl. The 15S-32S components are sedi- 
mented under these conditions. 

In a further investigation into the heterogeneity of this RNA, fractionation ex- 
periments have been carried out, using chromatography on the methylated bovine 
serum albumin column developed by Lerman.* Material from uninfected Ehrlich 
cells and from Ehrlich cells infected with Mengo encephalitis virus has been studied. 

Procedures and Methods.—Columns were prepared according to Lerman.’ Methyl- 
ated bovine serum albumin (3 gm., Armour Fraction V) mixed with 30 gm. of Celite 
was used to prepare a column 2 cm. in diameter and 25 cm. in length. A solution 
0.20 M in sodium perchlorate and 0.02 M in glycine, adjusted to pH 9.5 with sodium 
hydroxide, was injected into a mixing chamber containing 200 ml. of a solution 
0.20 M in sodium perchlorate and 0.01 M in phosphate buffered at pH 7. Air 
pressure was adjusted to give a flow rate of 6-10 ml/hour. The optimum charge of 
RNA was found to be 1.5 mg. Ali operations were carried out in a cold room at 
4° C. : 

Lerman* used both sodium chloride and sodium perchlorate in his work with 
DNA, but, since highly polymerized RNA is insoluble at the high sodium chloride 
concentrations necessary for the elution of DNA, only perchlorate was used in our 
work. Partially degraded RNA at pH 7 could be completely eluted with 0.22 or 
0.23 M perchlorate, but concentrations of 0.20 or 0.25 M gave no elution whatso- 
ever. Fractionation could be obtained with a pH gradient and a salt concentration 
close to the optimum. 

857 
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Column preparation and handling of material were also critical. Thus reproduci- 
bility was obtained only if the material used in preparing the columns was pre- 
washed with a | per cent versene solution, since heavy-metal ions apparently inter- 
fere with RNA adsorption. The RNA used in these studies was placed on the 
column within 4 hours of its isolation, as freezing and thawing caused marked 
changes in its behavior on the column. This observation is of interest in view of the 
fact that freezing does not alter the sedimentation properties. The instability of 
highly polymerized RNA even at 4° C. has already been reported. ! 

The Ehrlich ascites carcinoma was grown in Swiss albino mice. Ribonucleic 
acid was isolated in the manner previously described! from cells harvested on the 
eighth day of tumor growth. In those experiments involving ribonucleic acid 
from cells infected with Mengo encephalitis virus,‘ the tumor was infected by the 
intraperitoneal injection of 0.5 ml. of a 1:50 dilution of virus-infected mouse brain 
suspension, and the cells were harvested 16 hours later. It was established that 
this viral inoculum was sufficient to destroy the tumor completely in 36-48 hours. 
The propagation of this virus in, and its oncolytic action on, cells of the Ehrlich 
ascites tumor have been described by Koprowska and Koprowski.’ Ribonucleic 
acid was labeled in vivo by the intraperitoneal injection into each mouse of 0.5 ml. 
of a P*®? solution, 12 hours before collecting the cells. 

The isotope was prepared from carrier-free solutions of phosphate P*? neutralized 
with solid sodium carbonate and diluted with saline to give solutions containing 100 
uc/ml. All isotope assays were carried out with a Packard Flo-Window counter. 
Samples were prepared by the direct-plating technique, using 10—50-A aliquots of 
each fraction as obtained from the column. This procedure gives infinitely thin 
plates, good counting rates, and excellent precision. 

Ultracentrifugal analyses were performed in a Spinco Model E ultracentrifuge, 
using ultraviolet optics.6 It was found that use of a Kel-F centerpiece eliminated 
the convection observed in early runs with a conventional cell. 

Results —F igure 1 presents a plot of the tube number with the optical density at 
260 my of the material from uninfected cells presented on one ordinate and the 
total P*? activity (as counts/minute/tube) on the other. Ultracentrifugally, the 
material in tubes 5-19 was shown to be of low molecular weight and that in tubes 
23-45 of high molecular weight. There seemed to be no marked differences in the 
ultracentrifugal behavior in tubes 23-45. The pattern in each case corresponded 
closely to that obtained with material precipitated at 1 M sodium chloride from 
freshly prepared RNA solutions. Recovery of the RNA from the columns was 
close to 100 per cent. 

The low-molecular-weight RNA incorporated about ten times as much label as 
did the high-molecular-weight material in these experiments. Similar results were 
obtained with RNA samples isolated from cells harvested 4 hours after P*? injection, 
suggesting that the low-molecular-weight material is not a precursor pool for the 
more highly polymerized components. This point of view is further strengthened 
by chemical analyses. The RNA samples were hydrolyzed in 1 M HCl for 1 hour 
according to the method of Smith and Markham.’ Five hundred to 750 ug. of 
hydrolyzed material were spotted on paper strips and chromatographed, using the 
isopropyl! aleohol-HCl system of Wyatt.’ Base ratios were calculated from the ex- 
tinction of the eluted spots. Table 1 lists the base ratios for the unfractionated 
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RNA as well as for the low- and high-molecular-weight components separated by | 
M NaCl fractionation.! Adenine has arbitrarily been assigned a value of 1.00. 


TABLE 1 
BasgE Ratios or Vartious RNA Fractions 


Low High 
Unfractionated Mol. Wt. Mol. Wt. 
Adenine 1.00 1.00 
Guanine 1.39 0.59 
Cytosine 1.07 0.26 
Uracil 0.72 0.25 


It is apparent that the base ratios of the two fractions are markedly different. 
The low-molecular-weight material is rich in adenine and deficient in the pyrimidine 
bases; the high-molecular-weight RNA gives base ratios similar to those reported 
in the literature.® 
Figure 2 presents data obtained with RNA from Ehrlich cells infected with Mengo 
virus. The P** was injected 4 hours after virus infection, and the RNA was iso- 
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Fre. 1.—Fractionation of RNA from uninfected Ehrlich ascites tumor cells. 
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Fig. 2.—Fractionation of RNA from Mengo virus-infected Ehrlich ascites 
tumor cells. 
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lated 12 hours after administration of the label. It is seen that there is a marked 
difference between the elution patterns of RNA from infected and uninfected 
Ehrlich ascites cells. This difference has appeared in several experiments. Al- 
though the low-molecular-weight fraction takes up more label than the high- 
molecular-weight fraction, there is the suggestion that this difference is smaller 
for RNA from infected cells than for RNA from uninfected cells. 

Discussion.—Ribonucleic acid preparations from uninfected and from Mengo 
virus-infected Ehrlich ascites tumor cells exhibit definite differences in their be- 
havior on methylated bovine serum albumin columns. While samples of the high- 
molecular-weight material arising from column fractionation of ribonucleic acid 
from uninfected cells are indistinguishable by ultracentrifugal analysis, it may be 
possible to show differences between them by chemical analysis, electron micros- 
copy, or biological tests. These data clearly point the way to further investiga- 
tions. It would be of interest to examine changes in the ribonucleic acid—with 
respect to both labeling and physical properties—of the various particulate frac- 
tions of the cells during the entire course of the virus infection. The use of tissue- 
culture systems could well facilitate such studies. 


We wish to thank Dr. Leonard Lerman for many helpful suggestions. We grate- 
fully acknowledge the technical assistance of Mary E. Englert, Harris H. Bird, 
Robert F. McCandless, and Sidney Stolzenberg. 
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MACROMOLECULAR AGGREGATION STATES IN RELATION TO 
MINERALIZATION: THE COLLAGEN-HYDROXY APATITE 
SYSTEM AS STUDIED IN V!ITRO* 
By Metvin J. Guimcuer,f ALAN J. HopGe, AnD FRrANcIs O. ScHMiTT 
DEPARTMENT OF BIOLOGY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, CAMBRIDGE, MASSACHUSETTS 


Communicated August 28, 1957 


Mineralization in the tissues of living organisms, involving the deposition of 
substantial amounts of inorganic material in a well-defined crystalline form, 
serves highly important physiological and adaptive functions. The process must 
also be restricted to appropriate tissues, such as tooth and the exo- and endo- 
skeletal systems, which are differentiated for mechanical purposes; serious con- 





Vou. 43, 1957 BIOCHEMISTRY: GLIMCHER ET AL. 861 


sequences result when, as in certain degenerative and other diseases, mineral is 
deposited in inappropriate tissues (such as in the cardiovascular system, skin, 
tendons, and ligaments). It is to be expected that, like other functions of such 
vital importance to the organism, mineralization will be found to be under the 
control of specific and very delicately balanced biochemical and biophysical mecha- 
nisms. 

In any particular organism the extracellular fluid concentrations of those ions 
comprising the particular mineral to be deposited are at levels such that spontaneous 
crystallization does not occur. It follows, therefore, that in those tissues which 
normally become mineralized, some mechanism exists which must be capable both 
of inducing crystallization of the appropriate mineral and of controlling the amount, 
orientation, and crystal size of the deposits. It is that mechanism capable of 
inducing crystallization which is under consideration here. Throughout the text 
the term “nucleation” will be used to denote this induction of mineralization; 
no more precise specification is intended or possible at the present time. 

It has for some time been supposed that a local factor or factors governing 
mineralization exist in the organic matrix. Indeed, in the case of bone and cartilage 
certain specific substances, such as enzymes,' chondroitin sulfate,? or chondroitin 
sulfate—collagen complexes’ have been proposed as “local factors.”” Other 
investigators have felt that the degree of polymerization‘ and ion-binding character- 
istics’ of the ground substance constitute the local factor. 

In addition, connections have been sought between certain morphological 
features of the collagen fibril and the size, shape, and orientation of the inorganic 
crystallites as determined by X-ray diffraction and electron microscopy.* Further- 
more, it has been shown that in embryonic bone the earliest particles identifiable 
as crystals occur in definite relationship to certain of the bands in the axial repeating 
structure of the collagen fibril.? However, these studies have been primarily 
descriptive of the anatomic relationships rather than illuminating with respect to 
the physical chemical mechanisms involved. 

In several instances reconstituted collagens have been used to “seed” solutions 
metastable with respect to calcium and phosphate. In one case, where the collagen 
was believed to be complexed with chondroitin sulfate, an increase in ash weight 
was demonstrated.* In another instance, using a preparation of reconstituted 
collagen shown by electron microscopy to be of the native 640 A type, the ratio of 
calcium and phosphate ions removed from the solution was found to be comparable 
with that of apatites. In similar experiments by the same group of investigators 
fibrin and gelatin failed to modify the caleium and phosphate concentrations of the 
test solutions. However, in these studies, no direct evidence concerning the identity 
of the solid phase was obtained, nor was the process of mineralization related to the 
stereochemical configuration and aggregation state of the collagen macromolecules. 

In this paper,’ and in detailed descriptions which will be published in due course 
elsewhere, is given a working hypothesis of a possible physical chemical mechanism 
based on the stereochemistry of the major organic component. This has already 
been given careful study in the case of the collagen-hydroxyapatite system and may 
apply to the problem of biological mineralization generally. The hypothesis 
proposes that the mechanism of nucleation involves a specific stereochemical 
configuration resulting from a particular state of aggregation of collagen macro- 
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molecules. Only when the macromolecules interact to form fibrils with the config- 
uration characteristic of the native state does this favorable and highly specific 
stereochemical matching of groups occur. 

A brief exposition of the various patterns of interaction of collagen macro- 
molecules will facilitate an understanding of the various experiments to be described 
presently. 

When a connective tissue, such as rat-tail tendon or fish swim bladder, is ex- 
tracted with dilute acid or with cold neutral salt solutions, a viscous solution is ob- 
tained which contains the individual elongate molecules of collagen (‘“tropocollagen’’) 
or linear polymers of such molecules (protofibrils). The individual macromole- 
cules have dimensions” of 14 x 2900 A and consist of three covalent chains heli- 
cally coiled about one another and strongly bound together by hydrogen bonds.'! 
Solutions of such macromolecules, when appropriately treated,'!* readily aggregate 
to form fibrils that have the same axial repeat (about 640 A) and the same band 
pattern, as seen in the electron microscope, as do native fibrils. It is believed' 
that the pattern characteristic of the native state is produced when the tropo- 
collagen macromolecules (TC) are aligned in parallel array (i.e., with like ends 
“pointing” in the same direction) and with ends of adjacent macromolecules 
staggered with respect to one another by a specific fraction of their length. The 
pattern of interaction of side chains of adjacent macromolecules may be altered 
reversibly so that the resulting fibrils represent different states of aggregation. 
Under certain conditions of ionic strength, the dispersed TC macromolecules 
aggregate so as to produce fibrils with an axial repeat of about one-third that of 
native fibrils (220 A); under still other conditions there may be no band pattern at 
all, the fibrils being structureless.'* If certain organic substances of high negative 
charge, such as a-1 acid glycoprotein (GP), are added to the dispersed TC in acid 
solution and the pH raised by dialysis, a long-spacing modification is produced in 
which the axial repeat distance is about equal to the length of the TC molecules 
(2600-3000 A). In this artificial aggregation type called “fibrous long-spacing”’ 
or FLS, the band pattern is symmetrical (i.e., unpolarized), and the TC macro- 
molecules are arranged in antiparalle) array. When certain other substances, 
such as adenosine triphosphate (ATP), are added to the acid solution of TC, a 
different long-spacing modification is formed immediately without adjustment of 
pH or ionic strength. In this form the TC molecules are in parallel array, and 
like ends are in register, giving a band pattern which is asymmetric (i.e., polarized). 
The structures appear as segments rather than as fibrils, and this form is there- 
fore called “‘segment long-spacing” (SLS). 

Thus, from a solution of fully dispersed TC macromolecules, it is possible to 
pass reversibly from one aggregation type to another among the five forms already 
clearly established. Certain transition forms are also occasionally observed. All 
these various forms reflect different modes of interaction of side-chain groups in 
adjacent TC molecules and therefore present different surface configurations to 
the environment. This provides a unique system with which the mineralization 
theory proposed above may readily be tested. 

The experiments necessary to test the hypothesis were carried out by exposing 
the collagen molecules, linear polymers of molecules, and the various TC aggregation 
types to solutions containing calcium and phosphate ions. These solutions, 
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though inherently capable of forming hydroxyapatite spontaneously, were ad- 
justed with respect to calcium and phosphate ion concentrations, ionic strength, 
and pH so as to form metastable solutions which did not precipitate spontaneously 
for periods very long (months) with resject to the duration of the experiments. 
In such solutions the product of the activities of Ca++ and HPO,~~ exceeds the 
solubility product of CaHPO, . 2H.O but is below the point of spontaneous pre- 
cipitation.* Such solutions, to be referred to as Ca-P solutions, are therefore in 
metastable equilibrium. They were checked for the presence of suspended colloidal 
particles by ultracentrifugation and Millipore filtration both before and after the 
experiments, as recommended by Levinskas.” 

Calf and guinea-pig skin®” was extracted at 0°-2° C. with dilute acetic acid and 
dialyzed against a buffer at pH 7.4 and ionic strength 0.45. After filtration and 
ultracentrifugation, such solutions contain dispersed TC marcomolecules and linear 
polymers of TC, but no fibrils or other aggregates. No evidence of crystal forma- 
tion was observed after repeated dialysis versus the appropriate Ca-P solution. 
However, when such solutions were warmed to 30°-37° C., fibrils of native type 
were formed which caused prompt mineral nucleation from the same solution. 
It is clear, therefore, that, although the individual macromolecules or protofibrils 
themselves are incapable of mineralization, the lateral aggregation of these molecules 
to form fibrils of the native type through side-chain interactions of a specific kind 
results in a stereochemical configuration favorable for the induction of hydroxy- 
apatite crystallization. 

Further experiments were performed as follows. The particular TC aggregation 
type to be tested was formed in a dialysis bag under appropriate conditions and then 
exposed to Ca-P solutions at constant temperature for periods ranging from 18 
hours to 10 days. A small portion of the resultant material was used for electron- 
microscopic and electron-diffraction examination and the remainder spun down. 
After decanting, the matted precipitate was filtered and dried in a specially 
constructed Millipore filter’® apparatus which removed about 90-95% of the 
solvent. Control samples which had been dialyzed against equivalent buffer 
solutions yielded material which showed no X-ray diffraction evidence for the 
presence of the major salt (NaCl) in the buffer. In view of this and because of the 
very low concentrations of calcium and phosphate ions relative to the sodium 
chloride concentration in these solutions, the possibility of error arising from the 
formation of apatite by evaporation of residual solvent was eliminated. Following 
filtration, the precipitates were further dried in a desiccator and then subjected to 
X-ray diffraction analysis. Aliquots were also analyzed for dry weight, ash 
weight, calcium, and phosphorus.'"* When present, the mineral crystallites could 
be observed in electron micrographs both of unshadowed and of shadowed prepara- 
tions. That this mineral was, in fact, an apatite was established by selected-area 
electron diffraction.’ 

Nucleation of mineral was observed only in preparations containing recon- 
stituted native-type collagen fibrils. These were prepared from various types of 
connective tissue and precipitated in several ways. Included were collagen from 
normally non-calcifying connective tissues, such as rat-tail tendon, the skin of 
calf and guinea pig, and the ichthyocol of the fish (carp) swim bladder. The 
various reconstituted forms of collagen other than the native type were also pro- 
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duced and tested as described. All failed to induce nucleation, despite extensive 
dialysis against Ca-P solutions. 

Although most of the diffraction patterns indexed were characteristic of hydroxy- 
apatite, several showed additional reflections which corresponded to what has been 
called “octocalcium phosphate.’ The significance of these particular diffrac- 
tions (d & 18.3, 9.3, 5.5 A) is a subject of controversy at the present time.’ *! 
The only pertinent fact to note with respect to the present hypothesis is that 
similar reflections have been reported from intact bone.”* 

Electron-microscopic examination revealed rather heavy deposits of crystals 
on the fibrils and in the background in preparations which had been exposed to the 
Ca-P solutions for relatively long periods of time. However, time-sequence 
studies are currently being undertaken, and preliminary observations on samples 
withdrawn after relatively short exposures support the view that mineralization is 
initiated at specific sites within the intraperiod band pattern characteristic of 
native-type collagen. In preparations containing both FLS and _ native-type 
fibrils, the FLS-type fibrils were free of crystallites, whereas those of native type 
were heavily calcified. Although the electron-microscope results support the 
present theory of mineralization, they cannot be regarded as conclusive because of 
the difficulty of adequate sampling and other factors at the high magnifications 
necessary. Definitive evidence is, however, provided by the analytical data, 
which revealed no significant increase in calcium or phosphorus content in any of 
the preparations shown by electron microscopy to be free of native-type fibrils. 

In our preparations no preferred orientation of the crystallites was detected by 
X-ray diffraction. No orientation could be demonstrated even in those prepara- 
tions in which reconstituted native-type fibrils had been successfully oriented 
prior to exposure to the Ca-P solutions. It is of interest to note that similar findings 
have been reported for embryonic and early postfetal bone.”: ?4 

In order to produce the various TC aggregation states, it was necessary to employ 
a wide range of ionic strengths. Under these conditions it was impossible to 
compare accurately the activities of calcium and phosphate ions in the various 
solutions, particularly in those of high ionic strength. Hence it was not possible 
to determine quantitatively whether the various Ca-P solutions were equally 
metastable. This difficulty was overcome by recourse to the following experi- 
mental device. Freshly reconstituted native 640 A type fibrils were exposed to 
solutions such as were used in testing the other four fibril types (220 A, structure- 
less, FLS, SLS). In every case the native-type fibrils initiated crystallization of 
apatite. The results of analogous experiments utilizing the other fibril types 
confirmed the conclusion that failure to initiate crystal formation is due to the un- 
favorable configurations of the reconstituted collagens rather than to the nature of 
the test solutions. 

Attempts to calcify freshly dissected rat-tail tendon fibrils by similar procedures 
failed, even though the activities of calcium and phosphate ions were raised to the 
point of spontaneous precipitation. This result is supported by recent work** 
but disagrees with an earlier report.” No calcification occurred even when the 
rat-tail tendon fibers were thoroughly minced to eliminate possible diffusion 
barriers. It is noteworthy, however, that reconstituted native-type fibrils from 
rat-tail tendon, as mentioned earlier, were able to initiate crystallization. 
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So far as is known, the fibrous collagen of all connective tissues has the same 
molecular organization, as revealed by X-ray diffraction and electron micros- 
copy. It is this native structure and only this structure which calcifies in vitro. 
However, that this is not the only determining factor in calcification in vivo is 
indicated by the obvious failure of many collagenous tissues to calcify under normal 
conditions. Failure to calcify, if attributed to the collagenous component, would 
presumably involve subtle structural differences as yet unresolved by the physical 
and chemical methods thus far applied. However, it seems more probable that non- 
collagenous components in the ground substance are responsible for the inhibition 
and control of calcification. Although the mechanisms by which mineralization 
is initiated and regulated in the organism are undoubtedly far more complex, the 
process under consideration in the present paper—namely, the induction of 
crystallization by a specific stereochemical array of reactive groups as manifested 
by a particular macromolecular aggregation state—is probably fundamental in 
mineralization. 

The precise manner in which the specific stereochemical configuration of the 
collagen causes nucleation of apatite crystals is not clear. However, it is con- 
ceivable that the binding of solute ions by groups arranged in a definite geometric 
array results in a modification of the interaction energies of the component ions 
such that formation of the crystal lattice is favored. Subsequent growth beyond 
a certain critical crystallite size would then be spontaneous (except, or course, for 
limitations of a biological character). The present state of physical chemical 
knowledge in relation to nucleation phenomena is rather tenuous, even in simple 
systems, and it must therefore be left to the future to form a clearer picture of 
the exact mechanisms involved. 

Summary.—A general concept of the process of initiation of mineralization in 
biological structures has been put forward and illustrated by observations on the 
specific interrelationships between collagen and hydroxyapatite. In the type of 
mechanism envisaged, the nucleation of the inorganic crystals requires a precise 
juxtaposition of groups in the organic matrix to form a specific stereochemical 
array. 

The nature of the specificity between collagen and hydroxyapatite has been 
demonstrated by experiments involving collagen reconstituted in vitro in a number 
of different forms, namely, the native-type fibrils (640 A axial repeat), 220 A 
period fibrils, unstructured fibrils, fibrous long-spacing, and segment long-spacing. 
Of these forms, only the native-type fibrils are capable of inducing the formation of 
hydroxyapatite crystals when exposed to otherwise stable solutions containing 
calcium and phosphate ions. Positive identification of the crystals was accom- 
plished by X-ray diffraction, selected-area electron diffraction, and analytical 
chemical data. It has also been demonstrated that the dispersed tropocollagen 
macromolecules themselves. and linear polymers of tropocollagen (protofibrils) 
are incapable of initiating mineralization. 

The ability to initiate mineralization does not appear to be specific for bone 
collagen, as a variety of otherwise normally uncalcified collagens can be mineralized 
in vitro. Freshly dissected collagen fibers from rat-tail tendon do not caleify 
under similar physical chemical conditions; yet when the collagen is extracted and 
reconstituted in the native configuration, it is able to mineralize. The implications 
of these facts are briefly discussed in relation to calcification in vivo. 
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SPERMINE AND RELATED POLYAMINES AS GROWTH 
STIMULANTS FOR LACTOBACILLUS CASEI* 


By Hayato Kruara anp Esmonp E. SNELL 
DEPARTMENT OF BIOCHEMISTRY, UNIVERSITY OF CALIFORNIA, BERKELEY 4, CALIFORNIA 
Communicated August 7, 1957 


There have been many efforts to identify naturally occurring materials that 
stimulate the growth of Lactobacillus casei in synthetic media. Enzymatic hy- 
drolyzates of protein are especially effective growth supplements for this organism. 
The effective ingredient of such digests was termed “‘strepogenin’’ by Woolley! and 
was believed, for some time, to be a single substance or closely related group of sub- 
stances. Glutamine” * and a variety of different peptides*~* have been observed 
to possess some activity of this type. In our hands, however, none of the pure sub- 
stances reported to possess strepogenin activity proved as effective as crude natural 
materials in promoting early and heavy growth of L. casei. Similar observations 
have been made by others, and Scott and co-workers® in particular have provided 
evidence for unidentified substances in addition to peptides that contribute to the 
effectiveness of crude supplements in promoting growth of L. casei under the condi- 
tions employed for strepogenin assay. We describe herein experiments that lead 
to the identification of spermine and spermidine as two such growth factors. 


METHODS 


Assay Procedure.—The basal medium employed was essentially that described by 
Sprince and Woolley! for strepogenin determination. Their vitamin supplement, 
however, was replaced by that of Rabinowitz et al.,’ with the further addition of 
0.5 ug. of pyrixodine/ml. 

Stock cultures of L. casei (American Type Culture Collection No. 7469) were 
maintained on yeast extract-glucose—agar stabs and transferred weekly. Inocula 
were grown in the basal medium to which ascorbic acid, 250 ug/ml, had been added. 
After 18 hours of incubation at 37° C., the cells were centrifuged, washed, and 
diluted to a final concentration of 0.015 mg. (dry weight)/ml. Five-ml. cultures 
containing the appropriate supplements were prepared in the usual manner,’ auto- 
claved for 6 minutes at 120°, cooled, inoculated with one drop per tube of the cell 
suspension described above, and incubated at 37°. Growth was estimated photo- 
metrically at 650 my in a colorimeter calibrated with a cell suspension of known 
density. 

Results and Discussion.—The rate of growth of L. casei in the basal medium is 
shown by curve /, Figure 1. Marked stimulation of growth resulted from addition 
of a digest of purified casein (TDC)* prepared with crystalline trypsin (curve 2, 
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Fig. 1, A) and is, in all likelihood, due to peptides, as noted by others." 4 However, 
substantially greater stimulation of growth was produced by a commercially avail- 
able pancreatic digest of casein (EDC,° curve 3, Fig. 1, A), and hence stimulation 
by non-peptidic materials introduced with the cruder protein preparations used in 
preparing such commercial digests was. suspected. Additions of ascorbic acid 
(250 ug/ml), adenylic acid (50 ug/ml), uracil (10 ug/ml), and guanylic acid (50 
ug/ml) permitted substantially earlier and heavier growth of the test organism 
(compare curves / and 4, Fig. 1, B) and an improved growth response to both TDC 
and EDC; however, the difference between the latter two preparations (curves 5 
and 6, Fig. 1, B) was not eliminated.’ All further tests were conducted in this 
supplemented basal medium. 
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Fig. 1.—Comparative effects of partial casein digests on 
rate of growth of L. casei in two different media. /, Basal 
medium alone; 2, basal medium + TDC; 3, basal medium 
+ EDC; 4, supplemented basal medium (see text) alone: 
5, supplemented basal medium + TDC; 6, supplemented 
basal medium + EDC. TDC and EDC were present at 0.5 
mg/ml. 
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Although acid-hydrolyzed EDC (6 N HCl, 120°, 24 hours) was inactive by it- 
self, its addition with TDC gave growth responses closely approximating those to 
unhydrolyzed EDC. This confirmed the supposition that the difference in the two 
preparations was due chiefly to non-peptide substances and demonstrated that 
these unidentified substances were active only in the presence of appropriate pep- 
tides. Further tests conducted in the presence of TDC revealed that the acid- 
stable factor was also present in yeast and liver preparations. The active sub- 
stance in yeast extract was (a) retained by the cation exchanger, Dowex-50, but 
not by the anion exchanger, Dowex-1; (b) adsorbed by charcoal at pH 7; (c) 
eluted from charcoal by acidic ethanol; and (d) distilled with steam from the char- 
coal eluate when this was made strongly alkaline. These properties correspond to 
those of a steam-volatile amine and specifically to spermine and related compounds, 
which have previously been shown to function as growth factors for other organisms. 





Vo. 43, 1957 BIOCHEMISTRY: KIHARA AND SNELL 869 


Tests of a variety of amines'! showed that spermine and spermidine were highly 
active (Fig. 2); putrescine was less than 0.001 as active on the molar basis and did 
not permit maximum growth at any concentration. The related compounds 
cadaverine, agmatine, and arcaine—were inactive, as were also histamine, tyra- 
mine, and tryptamine. 1,3-Propanediamine showed slight activity similar to that 
of putrescine. N-(3-Aminopropy])-1,3-propanediamine was nearly as active on the 
molar basis as spermidine, but less so than spermine, and did not permit such heavy 
growth. Each of the active compounds was toxic at concentrations substantially 
above that required for maximum growth, as shown for spermine in Figure 2. 
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The effect of spermine on the growth rate with TDC or EDC is shown in Figure 3 
(curves 7 and 8). The supplement largely, though not completely, eliminates the 
difference in growth response to the two partial digests of casein. Like the acid- 
stable component of EDC, spermine does not stimulate growth in the absence of a 
peptide source; indeed, under these conditions the concentration of spermine used 
here inhibited growth slightly (curve 9, Fig. 3). 

The functions of spermine and spermidine in metabolism are still unknown. The 
compounds were first shown by Herbst and Snell!” to be essential growth factors for 
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Hemophilus parainfluenzae; since then, Neisseria perflava’® and a mutant strain of 
Aspergillus nidulans'* have also been shown to require these substances. ‘Traub, 
et. al.,“* have shown that these compounds, although not essential, stimulate 
growth of Pasteurella tularensis in a manner similar to that reported here for L. 
casei. For each of these organisms, spermine, spermidine, and putrescine show 
similar activities in promoting growth, and which of the three most nearly ap- 
proximated the functional form was unknown. For L. casez, in contrast, putrescine 
is relatively inactive, which may indicate that its conversion to spermine or sperm- 
idine is prerequisite to its activity in vivo, both for this and for other organisms. 
Accordingly, spermine or spermidine (or a derived compound) would appear to be 
the functional naturally occurring form of the growth factor. 

The inhibitory action for L. casei observed with these polyamines at concentra- 
tions above those required for rapid growth is in line with their reported bacterio- 
static action against Mycobacterium tuberculosis, ' Staphylococcus aureus,'  '8 
Staphylococcus albus," Neisseria gonorrhea," N. meningitidis,” and Escherichia 
coli.’ The mechanism of this action likewise is unknown. The compounds also 
show limited action in preventing the toxic effects of atabrine for Z. coli!® and of 
4,4’-diamidinodiphenoxypropane for L. casei and Streptococcus lactis.” 

Since spermine and spermidine are widely distributed in nature,?" ** it appears 
probable that previous assays for the “strepogenin”’ content of crude materials have 
included the growth response to these polyamines (and to other stimulatory non- 
peptidic components of crude materials) with that due to peptides. It thus becomes 
understandable that none of the purified peptides reported to possess strepogenin 
activity promote growth to the same extent as that observed with crude prepara- 
tions. Many of the materials reported to be highest in strepogenin activity (e.g., 
digests of insulin, trypsinogen, chymotrypsin,’ etc.) are derived from the pancreas, 
and this tissue is one of the richest sources of spermine and spermidine.”" ?? Whether 
or not contaminating polyamines are present and contribute to the growth responses 
to partial digests of these substances is not known. 

Summary.—Crude enzymatic digests of casein are superior to digests of purified 
casein prepared with recrystallized trypsin in promoting early growth of L. casez 
under conditions used for assay of “‘strepogenin.’’ Addition of uracil and ascorbic, 
guanylic, and adenylic acids to the medium increased the growth response to both 
types of casein digests. Much of the difference in response to the two digests in 
this medium was due to non-peptidic substances present in the crude digest. These 
were stable to acid hydrolysis and showed growth-stimulating activity only in the 
presence of the purified tryptic digest of casein. These substances were widely 
distributed; their properties were those of a steam-volatile amine. Spermine and 
spermidine were highly active in promoting growth under these conditions and 
appear to be the most important of the naturally occurring, acid-stable substances. 
Putrescine and 1,3-propanediamine show relatively slight activity. The mecha- 
nism by which these substances stimulate growth is unknown. 


* This work was supported in part by a grant from the United States Public Health Service. 
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A RELATION OF NUCLEIC ACID SYNTHESIS TO RADIATION- 
INDUCED MUTATION FREQUENCY IN BACTERIA* 


By F. L. Haas anp C. O. DoupNEY 


DIVISION OF BIOLOGY, UNIVERSITY OF TEXAS M. D. ANDERSON HOSPITAL AND TUMOR INSTITUTE, 
HOUSTON, TEXAS 


Communicated by Theophilus S. Painter, July 1, 1957 


During the past few years it has become increasingly evident that an appreci- 
able portion of the mutations induced by radiant energy in various organisms are 
due to chemical reactions of the radiation with certain intracellular substances. 
The shape of the induced mutation frequency curves found by many investigators! 
suggests that radiation-sensitive material present in the cell is activated or altered 
by radiation in the process of mutagenesis. The mutation frequency reaches a 
plateau at high doses of radiation and then may decrease at still higher doses. New- 
combe? and Newcombe and McGregor* have recently made an extensive investiga- 
tion of the nonlinearity of the mutation frequency—X-ray dose curve with Strep- 
tomyces griseus and find evidence that nonlinearity in the curve is the result of a 
saturation effect which causes a lowering of the capacity of Streptomyces spores to 
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respond when the radiation dose is high. Based on accumulated evidence, a hy- 
pothesis may be advanced that the radiation-activated mutagen is limited in amount 
and is perhaps destroyed by the radiation. 

Witkin‘ in a recent publication states that “the time interval between absorption 
of radiant energy and production of stable genetic changes can no longer be regarded 
as infinitesimal.’’ She points out that a variety of postirradiation treatments 
(visible light, temperature changes, metabolites, and metabolic inhibitors) can dras- 
tically alter the mutation frequency produced by radiation. Her recent investiga- 
tions establish that with certain Escherichia coli and Salmonella typhimurium 
auxotrophs, mutation to the prototrophic state induced by ultraviolet light 
requires the immediate postirradiation synthesis of protein. 

We have studied the mechanism of ultraviolet mutation induction in bacteria 
by attempting to establish the nature of the intracellular material reacting with the 
radiation. This has been accomplished by preirradiation growth-factor supple- 
mentation techniques. We have also sought to establish by these studies, and by 
postirradiation studies similar to those of Witkin, the nature of the metabolic proc- 
esses involved in establishing mutations in the genetic structure. Experiments 
reported here support a hypothesis that at least one induced mutation process in 
E. coli is dependent on two distinct but related events: (1) the action of radiation 
on the biosynthetic products of certain purine and pyrimidine bases found in nu- 
cleic acids; (2) the immediate postirradiation incorporation of the radiation-acti- 
vated or radiation-modified products into the nucleic acid macromolecule. This 
latter process appears to be dependent on concurrent protein synthesis. 

Methods.—The mutations of EZ. coli strain B studied were those giving aberrant 
colonial color response after 2 days of incubation on Difco eosin—methylene blue 
agar (EMB). The basic phenotype produced by mutation and responsible for 
this effect is due to modification of glucose or lactose fermentation. Some of the 
experiments described in the present report have been repeated in essential detail 
with Z. coli B/r, using a similar color response on mannitol-tetrazolium agar.® 

The basal growth medium used in these experiments was a salts-glucose medium, 
hereafter called ‘“M medium.’ This medium was supplemented with the various 
growth factors under test, as indicated in the experiments. 

The radiation source was a Model 30600 Hanovia mercury-vapor lamp. Two- 
milliliter aliquots of the cells in small Petri dishes were placed 30 cm. from this 
source and were agitated during radiation. The output of the lamp at the position 
of the cells was 92.5 ergs/mm?/sec at wave lengths below 2800 A (determined by 
Hanovia Model AV-971 ultraviolet meter). Operations during and subsequent to 
irradiation were carried out under yellow light to prevent photoreactivation. 

The basic procedures used in these experiments were as follows: Fifty-milli- 
liter portions of M medium were inoculated from a 24-hour nutrient agar slant 
of E. coli strain B. This culture was grown at 37° C. with aeration for 16 hours. 
Following incubation, the cells were held for 1 hour at 6° C., to obtain synchroniza- 
tion of cell growth and division.’ The cells were removed from suspension by cen- 
trifuging in 10-ml. quantities and were resuspended in 10-ml. portions of M medium 
supplemented with various factors as indicated. These cultures were then incu- 
bated at 37° C. on a reciprocal shaker for the indicated time. Following incubation, 
the cells were immediately chilled and held at 2° C. for 10 minutes. They were 
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then centrifuged out in a refrigerated centrifuge, washed twice, and resuspended 
in cold 0.9 per cent saline. The turbidities of various cell suspensions were then 
adjusted to an optical density of 0.10—-0.12 at 700 my with cold saline. The sus- 
pensions were distributed in 2-ml. aliquots to small cold Petri dishes and given 
various doses of ultraviolet. In experiments not concerned with postirradiation 
effects, the suspensions were plated immediately after irradiation onto EMB agar. 
One-tenth-milliliter quantities of the proper dilution were plated by the glass-rod- 
spreader technique, using 0.9 per cent saline for making serial dilutions. In ex- 
periments concerned with postirradiation effects, a 1:100 dilution of the suspen- 
sion was made into M media containing various supplements. These cultures were 
incubated for the indicated time on the shaker at 37° C., and the cells were then 
plated on EMB agar as described above. 

Effect of Various Supplements on Induced Mutation Frequency.—In the initial 
experiments the effect of cell incubation for a 4-hour period in M medium was com- 
pared with that of M medium plus yeast extract (20 mg/ml). Results indicated 
that cells incubated in yeast extract gave a materially higher subsequent in- 
duced mutation frequency than those incubated in unsupplemented M medium. 
The radiation-survival curves of the two cultures were almost identical. Experi- 
ments were next carried out to determine the factors in yeast extract responsible for 
the observed increase in induced mutation frequency. It was found that vitamin 
supplementation® or RNA purine and pyrimidine supplementation (0.01 mg/ml of 
adenine, guanine, uracil, cytosine) produced increases in the induced mutation fre- 
quency of the same order of magnitude as those produced by yeast extract. Casein 
hydrolyzate (2 mg/ml) produced little or no increase in induced mutation frequency, 
and the DNA purines and pyrimidines (0.01 mg/ml of adenine, guanine, thymine, 
cytosine) showed only a slight effect. 

In further experiments of the same type in which supplementation was with 
single vitamins, it was established that p-aminobenzoic acid and riboflavin were 
responsible for the observed increase in mutation frequency. Either growth factor, 
when present in concentrations of 1 ug/ml, increased the mutation frequency to a 
rate comparable with that observed with yeast extract. The combined effects of 
these factors were not additive. Experiments on the mechanism involved in 
increasing induced mutation frequency by these vitamins will be reported else- 
where. The present report deals with the effect of purines and pyrimidines. 

Relation of Ultraviolet Dose to Mutation Frequency.—Figure 1 presents the muta- 
tion frequencies and surviving fractions at various ultraviolet doses for cells incu- 
bated in M medium and in M medium supplemented with adenine, guanine, uracil, 
and cytosine for 1 hour before exposure to the radiation. The results demonstrate 
that incubation in purines and pyrimidines contained in RNA produces a marked 
increase in both the frequency of mutation with unit dose and the level of maximum 
mutation frequency occurring at the same radiation dose (20-25 seconds) in sus- 
pensions incubated in either M medium or supplemented medium. When the dose 
is increased above 25 seconds, there occurs a marked decline in mutation frequency 
in both cases. 

A consideration of the survival curves demonstrates, on the other hand, that 
survival following irradiation is affected little if any by incubation in the presence 
of purines and pyrimidines. This argues against the possibility that preincubation 
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in purines and pyrimidines renders mutants more radiation-resistant, or wild type 
more radiation-sensitive. The break in the survival curves from the initial ex- 
ponential rate of very high killing to a second exponential rate of greater radiation 
resistance occurs at an ultraviolet dose of 7.5-10 seconds—a dose considerably 
lower than that at which the maximum mutational frequency is obtained. Survival 
curves for a number of mutant and wild-type isolates established from colonies 
plated at various dose levels have been obtained. No consistent difference in the 
survival characteristics of the mutant and wild-type strains could be demonstrated 
from these curves. An identical experiment was conducted, using FZ. coli strain 
B/r, which has markedly different ultraviolet survival characteristics. The ultra- 
violet dose—mutation frequency curves obtained under the two conditions of pre- 
irradiation incubation were almost identical with those demonstrated with E. coli 
strain B, regardless of the fact that strain B/r was much more resistant than strain 
B at all doses of ultraviolet. All these studies lead to the conclusion that selection 
through differential kiling is not involved in the results obtained. 

Purine and Pyrimidine Combinations.—Preirradiation incubation experiments 
were carried out in M medium supplemented with purines and pyrimidines singly 
and in various combinations. These experiments demonstrated that maximum 
increase in mutation frequency was not observed unless the supplementation in- 
cluded uracil, cytosine, and either adenine or guanine. That either adenine or 
guanine will satisfy the purine requirement is to be expected in E. coli. Figure 2 
gives the maximum mutation frequencies attained in a typical experiment of this 
type. The results demonstrate the requirement for the presence of either adenine 
or guanine in order for an increase in the induced mutation frequency to occur. 
Of the bases added individually, uracil has the greatest effect; however, it was only 
when guanine or adenine and cytosine were also added that a maximum frequency 
comparable to that of yeast extract was obtained. Substitution of thymine 
for uracil resulted in a drastic reduction in the maximum mutation frequency ob- 
tained. 

It is not possible on the basis of this evidence to determine whether RNA or DNA 
synthesis (or possibly both) is involved in the observed increase in induced mutation 
frequency. The fact that uracil is effective, and not thymine, suggests that RNA 
synthesis is directly involved. However, recent studies demonstrate that labeled 
thymine supplied in the medium to £. coli is not incorporated into the RNA or 
DNA of the bacterium. The labeling of uracil, on the other hand, is incorporated 
into both RNA and DNA, presumably being transformed to thymine by methyl- 
ation of some intermediate.*!° The singularity of uracil in the purine and pyrimi- 
dine effect. therefore does not serve as a reliable indication that RNA synthesis, as 
opposed to DNA synthesis, is involved. Further work on both the genetic and 
the biochemical nature of the particular hereditary systems under study will be 
necessary to determine the nucleic acid macromolecule(s) involved. 

Incubation Interval Studies —Experiments were next conducted to determine the 
period of incubation necessary to attain a maximum increase in mutation frequency. 
In the first experiments, periods of preincubation for 1, 2, 3, and 4 hours were com- 
pared. The results indicated that the maximum increase in induced mutation 
frequency is obtained with cells incubated | hour or less in the purine-pyrimidine- 
supplemented medium. The maximum induced mutation frequencies were pro- 
gressively less after 2, 3, and 4 hours of incubation. 
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Fig. 1.—Ultraviolet survival and induction of “EMB color’’ 
mutants in EZ. coli strain B grown for | hour in the indicated medium 
prior to irradiation. The broken line represents the survival curve of 
both cultures; the solid lines, the mutation frequency—radiation dose 
curves. 
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Fig. 2.—Per cent of ““E&MB color’’ mutations induced by 25 seconds 
of ultraviolet in Z. coli strain B grown for 1 hour prior to irradiation 
in M medium supplemented with the indicated purines and pyrimi- 
dines. 
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The experiments were then repeated, using short incubation intervals from 0 to 
60 minutes. The results of such an experiment, in which yeast-extract supple- 
mentation was used in one medium and adenine, guanine, cytosine, and uracil in 
another, are presented in Figure 3. The results show that an initial incubation 
interval of approximately 20 minutes in purine and pyrimidine medium is necessary 
before an appreciable increase in radiation-induced mutation frequency takes place. 
Following this initial lag (which varies somewhat in duration from experiment. to 
experiment), a rapid increase is observed, until maximum frequency is attained 
after 30-35 minutes of incubation. With yeast extract, the increase in suscepti- 
bility to subsequent induced mutation starts immediately with incubation. Fur- 
ther experiments have shown that if the bacteria are incubated in M medium sup- 
plemented with the ribosides (adenosine, guanosine, uridine, and cytidine) rather 
than with the purines and pyrimidines, the lag is reduced to less than 5 minutes. 
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Fic. 3.—Effect of preirradiation growth medium and incubation 
time on the frequency of “EMB color’’ mutants induced in E. coli 
strain B by 25 seconds of ultraviolet. 


The Relation of the Physiological State of the Cell to Induced Mutation Frequency.— 
Synchronized culture experiments were repeated, and the physiological state of the 
culture was studied by determining at each increment of incubation the average 
nuclear number (Robinow’s stain"), increase in colony-forming organisms, increase 
in RNA synthesis,' increase in DNA synthesis (by the Burton-Dische method’), 
and the mutation frequency induced by 25 seconds of ultraviolet. The results of 
these experiments are given in Figure 4 and Table 1. Doubling in colony-forming 
organisms during the 40-50-minute incubation period shows that the cultures are 
in a high state of synchrony. The maximum frequency of mutation induction is 
attained at about 20 minutes of incubation in purine-pyrimidine-supplemented 





TABLE 1* 
Ce.uL Counts 
DNA Ner RNA Ner RELATIVE AFTER IncuBA- PER Cent INDUCED 
-——IncrEasE——. ——INcREASE—— ~—-——TuRBIDITY——~ _ TION (X10®)T -——Mutantst— 


IncuUBA- } } } I } 
TION Medium Medium Medium Medium Medium 
TIME oa + + + 
(MIN- M Pur/ M Pur/ M Pur/ M Pur/ M Pur/ 
UTES) Medium Pyrim Medium Pyrim Medium /Pyrim Medium Pyrim Medium  Pyrim 

0 1.00 13 0 1.0 .00 § 1.6 : 19.0 
10 1.09 ‘ iM 22.0 
20 1.18 Ay 47.0 
30 1.36 67 46.0 
40 1.45 89 50.4 
50 1.45 .22 40.2 
60 1.82 44 61.7 
70 1.82 : 78 61.0 
80 2.00 .69 .78 49.0 


* Two identical cultures of Z. coli strain B in synchronized growth were tested. One culture was incubated in 
M medium, and the second in M medium supplemented with guanine, adenine, cytosine, and uracil. Aliquots of 
each culture were withdrawn at the indicated incubation times, and in each case the following factors were deter- 
mined: (1) DNA content, (2) RNA content, (3) cell protein (relativ e turbidity), (4) time of cellular division, (5) 
time of first nuclear division, (6) frequency of ““EMB color’ mutations induced by 25 seconds of ultraviolet. 

t The cell counts and induced mutation frequencies for each culture are plotted against incubation time in 
Fig. 4. The approximate time of the first nuclear division in each culture is also indicated in Fig. 4. 
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Fie. 4.—Correlation of cellular physiology with per cent of “EMB 
color’ mutants induced in synchronized cultures of EZ. coli strain B by 
25 seconds of ultraviolet. The broken line represents induced mu- 
tation frequency and colony-forraing cells immediately prior to ir- 
radiation in a culture grown for the indicated time in M medium 
prior to irradiation. The solid line represents the same factors found 
in identical cultures grown for the indicated time in M medium sup- 
plemented with adenine, guanine, cytosine, and uracil. The first 
nuclear division takes place i in both cultures after 20-30 minutes of 
incubation. RNA, DNA, and turbidity values for each incubation 
period and both cultures are given in Table 1. 
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medium. On further incubation, the frequency appears to level off or fall slightly 
during the period of 20-30 minutes. It is during this time that the first nuclear 
division is observed to take place. The decrease in induced mutation frequency 
which occurs after 40-50 minutes of incubation appears to be correlated with cell 
division. When cell division is completed, a second increase in frequency takes 
place which is comparable to the initial increase and additive to it. 

RNA synthesis occurs at a fairly constant rate in both media until the initiation 
of cell division (Table 1). At this time, RNA synthesis ceases for a period of about 
10 minutes—presumably until division is completed. It is during this period that 
a decline in maximum mutation frequency is observed. At the time of cell di- 
vision the total quantities of RNA in cells grown in M medium or in supplemented 
medium are the same, while the maximum mutation frequency is considerably 
higher in cells incubated in purines and pyrimidines. Therefore, if RNA is in- 
volved at all, it would appear that the quantity of RNA precursors immediately pre- 
ceding nuclear division, and not the actual quantity of RNA at a given time, 
is the important factor in increasing the mutation frequency. Similar considera- 
tions apply to DNA. While the ratio of cellular DNA of cells incubated in the two 
media remains practically at unity throughout the course of incubation, different 
mutation frequencies are observed; and DNA synthesis after the first nuclear di- 
vision has no effect in increasing maximum mutation frequency with purine-pyrim- 
idine-incubated bacteria. This strongly suggests that the marked increase in 
ultraviolet-induced mutation frequency following incubation in purines and py- 
rimidines is ascribable to the presence in the cell of increased quantities of nucleic 
acid precursors at the time of irradiation Quantitatively different protein syn- 
thesis is probably not involved, since the turbidity increase occurs at regular and 
similar rates in both media. 

Cellular synthetic processes dependent on inorganic nitrogen, and an energy 
source must occur prior to irradiation in order for any increase in mutation frequency 
to take place at subsequent irradiation. This was established in similar experi- 
ments using purine-pyrimidine-supplemented M medium from which the nitrogen 
source or the carbon source has been omitted. When either of these were omitted 
from supplemented medium, the usual increase in mutation frequency did not occur. 

Postirradiation Treatment.—Witkin‘ has demonstrated that postirradiation syn- 
thesis of protein is necessary for expression of induced prototrophs with certain 
auxotrophs cf #. coli and S. typhimurium. To be effective, protein synthesis must 
occur within the hour immediately following irradiation. 

Figure 5 demonstrates that increases in the maximum frequency of radiation- 
induced mutations brought about by preirradiation incubation in purine-pyrimi- 
dine-supplemented medium are similarly dependent on postirradiation protein 
synthesis for expression. Experimentation with this mutational system confirms 
Witkin’s observation that protein synthesis within the hour following radiation ex- 
posure is necessary for mutation expression. The suspensions, regardless of their 
preirradiation incubation medium, have a greatly reduced mutagenic response if 
incubated for 1 hour immediately following irradiation in M medium minus a 
nitrogen source. Similar results were obtained by inhibition of protein synthesis 
with chloramphenicol. Postirradiation incubation of the organisms in M medium 
also limits the mutagenic response of cells incukated in purines and pyrimidines 
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Fic. 5.—Effect of postirradiation growth medium on the frequency of “‘EMB color’’ mutations 
induced by 25 seconds of ultraviolet in Z. coli strain B. One culture was grown in M medium, 
and a second identical culture in M medium supplemented with adenine, guanine, cytosine, 
and uracil, for 1 hour prior to irradiation. Immediately following irradiation, aliquots of the 
two irradiated suspensions were incubated in each of the indicated media for 1 hour and then 
plated on EMB agar. 
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prior to irradiation. Presumably, this is related to the fact that protein synthesis 
is somewhat limited in M medium, since cells have to synthesize the amino acid 
components of protein de novo. On the other hand, this intermediate limitation 
of protein synthesis does not seem to affect the lesser mutagenic response of cells 
incubated in an unsupplemented medium prior to radiation exposure. It is only 
when a full complement of amino acids (casein hydrolyzate) or a complex natural 
extract (yeast extract) is supplied to the suspension immediately following irradia- 
tion that the greatly increased mutagenic response produced by preincubation in 
purines and pyrimidines is observed. These experiments also demonstrate the 
ineffectiveness of the purines and pyrimidines in increasing the induced mutation 
frequency when they are added immediately following radiation exposure. 

Discussion.—Most of the findings in this preliminary survey warrant more ex- 
tensive study. However, sufficient evidence has been accumulated to support the 
following hypothesis concerning the underlying mechanisms of mutation induction 
by ultraviolet light, at least for certain types of mutation in E. coli: 

1. Intermediates in nucleic acid synthesis arising from purines and pyrimidines 
must be present during ultraviolet exposure in order for mutagenesis to occur. 

2. Incorporation of these intermediates, which presumably have been activated 
or modified by the radiation, into the hereditary macromolecule is dependent on 
the synthesis of protein immediately following radiation exposure. 

By utilizing cultures synchronized in cellular development and division, it has 
been possible to compare the physiological characteristics of the culture at various 
points during cellular development with the observed increase in mutation frequency 
dependent on the presence of purines and pyrimidines in the medium. These 
studies have led to two significant observations. In the first place, it has been 
demonstrated by cytological investigations that the maximum increase in muta- 
genic response of the purine-pyrimidine-incubated cells occurs prior to and during the 
first nuclear division. Following nuclear division, no further increase is observed 
until cell division has been completed. This relation of mutagenic frequency to 
nuclear division could not be due to an exhaustion of purines and pyrimidines in the 
medium, since increased purine-pyrimidine concentration does not stimulate any 
increase in the mutagenic response after the first nuclear division. In addition, 
further increase in mutation frequency dependent on purines and pyrimidines is ob- 
served following cell division. Whether this relation of maximum mutation fre- 
quency increase to nuclear division is direct or only coincidental cannot be ascer- 
tained on the basis of evidence presently available. A comparable relation of 
mutation response to nuclear division has been demonstrated in Streptomyces 
griseus spores by Newcombe? and by Newcombe and McGregor.* These investiga- 
tors demonstrated that the maximum mutational frequency induced by X-rays 
is observed in the binucleate stage following germination. Further nuclear di- 
vision results in a marked decline in mutation frequency in these organisms. New- 
combe emphasizes a close association between nuclear number and radiation-induced 
mutation. 

The synchronized growth experiments point up a second significant fact. There 
appears to be no correlation between nucleic acid content of the cell and the muta- 
genic response observed. Cultures incubated in either M medium or the purines 
and pyrimidines show comparable nucleic acid contents (both RNA and DNA) 
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but widely different induced mutation frequencies. If nucleic acid formed prior 
to irradiation is involved at all in increasing mutagenic frequencies, then that which 
is synthesized later than the first nuclear division has no effect (at least until after 
cellular division). Our data suggest that increased amount of nucleic acid precur- 
sors present in the cell during radiation exposure are the important factors involved 
in increasing induced mutation frequency. 

Since a combination of purines and pyrimidines in the medium is required for 
maximum mutation frequency, it is suggested that these basic components of nucleic 
acid are involved in the final process responsible for occurrence of mutation in the 
genetic factors concerned here. Since the nucleic acid precursors must be supplied 
prior to irradiation, it is probable that induced mutation expression is related to 
the rate of postirradiation nucleic acid formation. Maximum nucleic acid syn- 
thesis would be realized when all component precursors or their proper facsimiles 
were present in the cell in nonlimiting quantities following radiation. 

It is quite evident that the precursors must be exposed to radiation for increases 
in mutation frequency, since purines and pyrimidines added immediately following 
exposure do not cause such an increase. There is some evidence that under certain 
conditions purines and pyrimidines added immediately following radiation ex- 
posure act to decrease the mutation frequency.’ 

On the basis of present evidence it is not possible to determine the biosynthetic 
intermediates to nucleic acid which are affected by ultraviolet light. It is improb- 
able that radiation-modified purines and pyrimidines are the effective compounds, 
since a considerable lag (15-25 minutes) is noted in the incubation-time experi- 
ments. This could be due to an adaptive lag in uptake of purines and pyrimidines, 
but, since the corresponding ribosides show an almost immediate effect similar to 
that of yeast extract, it is most likely that the radiation-precursor interaction is at 
the least at the stage of ribosides. It is entirely possible that the ribotides are in- 
volved, and the ribotides may actually have to be associated with the nucleic acid 
“template” in the final stage of nucleic acid synthesis for maximum mutagenic 
effect. 

That increase in mutation frequency by incubation with purines and pyrimidines 
is dependent on postirradiation protein synthesis has been demonstrated in the 
present studies. It seems probable in view of the marked similarity of these results 
to those of Witkin‘ that both investigations deal with the same mechanism of in- 
duced mutagenesis in bacteria. If a relation of nucleic acid synthesis to mutation 
induction can be demonstrated in the protein-dependent mutational response 
described by Witkin, the mechanism of mutation induction described in the present 
report may have widespread application. We have obtained preliminary evidence 
that this mechanism possibly has general application to mutations in £. colt. 
In three out of four experiments we have been able to increase significantly the 
maximum frequency of mutation to bacteriophage T1 resistance in EZ. coli strain B 
by incubation in purines and pyrimidines prior to ultraviolet irradiation. Also, 
studies using X-rays instead of ultraviolet show that similar results are obtained 
with this radiation, although increases in the induced frequencies are of much 
smaller magnitude. 4 

Spiegelman” has found it possible to derive from osmotically ruptured proto- 
plasts of Bacillus megaterium a fraction which retains a considerable capacity to 
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synthesize DNA, RNA, and protein. In a study of RNA synthesis of this fraction, 
an absolute requirement for the presence of a complex mixture of amino acids was 
noted.'* These data suggest that RNA synthesis is accompanied by the fabrica- 
tion of a particular kind of protein molecule. Ezekiel and Spiegelman” have found 
that a complex mixture of amino acids is an absolute requirement for extensive 
synthesis of DNA in these preparations. This can be considered strong evidence 
that formation of the macromolecules of primary hereditary significance—DNA 
and RNA—is accompanied by, and dependent on, synthesis of specific protein. 
The possibility that the process of induced mutagenesis involves concurrent syn- 
thesis of protein and the nucleic acid macromolecule responsible for a particular 
hereditary characteristic must be considered in the light of these findings. 

It is quite possible that the preformed nucleic acid molecule is relatively resistant 
to mutation and that most (or even all) mutagenic agents exert a major portion of 
their effects through the postexposure synthesis of nucleic acid. If this is the case, 
and if it holds true in higher organisms, then its significance in problems of radia- 
tion exposure and protection is quite apparent. In case abnormal purines and 
pyrimidines, or nucleic acid presursors containing them, are the mutagens in- 
volved, this would be quite pertinent to the study of malignant growth. It may be 
that certain abnormal purines and pyrimidines produced as products of cell degen- 
eration or disintegration, and from normal purines and pyrimidines by other body 
processes, are built into the genetic mechanism of newly synthesized cells, to pro- 
duce mutations which result in neoplastic growth. 

Summary.—Both the frequency of mutation per unit dose and the maximum 
mutation frequency obtained with minimal-medium-grown £. coli strain B exposed 
to ultraviolet light may be increased considerably for certain mutations (aberrant 
color response on EMB agar). This increase is obtained by short-period incubation 
prior to irradiation in minimal medium supplemented with yeast extract, a combina- 
tion of purines and pyrimidines (adenine or guanine, uracil and cytosine), ribo- 
flavin, or p-aminobenzoic acid. 

By using cultures synchronized in growth and division, the following has been 
established in regard to the purine-pyrimidine influence: (1) maximum increase in 
frequency is attained during periods of maximum nucleic acid synthesis; (2) little 
or no increase is observed following the first nuclear division; (3) the maximum 
mutation frequency is reduced by cellular division; (4) the increased mutation fre- 
quency obtained by incubation in the presence of purines and pyrimidines bears 
no relation to nucleic acid content of the cell—rather, an increase in nucleic acid 
precursors in the cell prior to radiation exposure may be the important factor; 
(5) the increase in mutation frequency promoted by preirradiation incubation with 
purines and pyrimidines is dependent on postirradiation protein synthesis. 
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The studies summarized in the present paper began with the injection of one 
to six of the type-specific pneumococcal polysaccharides, first into volunteers and 
then into trainees for the air force, followed by quantitative measurement! of the 
amounts of circulating antibody nitrogen in bleedings taken at varying intervals 
after the injections. The results, which played their part in the speedy termination 
of an epidemic of pneumonia,” have been published elsewhere.*: 4 Additional data 
obtained later®~* increased the body of information regarding the human response 
to the injection of pneumococcal polysaccharides."° Analysis and evaluation of 
the material as a whole are as yet lacking and are accordingly presented herewith. 

Data from the papers mentioned above are summarized in Tables | and 2 and in 
Figures 1 and 2. In these, the first two series of subjects in an earlier study® are 
omitted, since the dose given, 20-30 yug., was considerably less than the optimal 
50-70 yg. of each of the type-specific polysaccharides. No attempt has been 
made to separate the groups which received only one of the polysaccharides or re- 
ceived two to six simultaneously, since an increase in the number of type-specific 
polysaccharides administered did not seem to diminish the response to any one 
type. Moreover, only those analyses are included which were made after prior 
removal of antibodies to pneumococcal C-substance, the common somatic poly- 
saccharide of all pneumococci, since some, at least, of the type-specific polysaccha- 
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rides used for analysis of the sera contained small amounts of C-substance. This, 
in reacting with the sometimes large quantities of anti-C present in the sera of 
apparently normal persons, might have added, at least to some extent, to the true 
amounts of type-specific antibody. For this reason, satisfactory initial data on 
some of the subjects were not obtained until 5'/2 months after injection. This 
would tend to put more subjects into lower groups than might otherwise have been 
the case. 


TABLE 1 


MICROGRAMS OF TYPE-SPECIFIC ANTIBODY NITROGEN PER 4 ML. oF SERUM FROM ALL SUBJECTS 
Aut Types InJecTED, 3 WEEKs TO 5!/. MONTHS AFTER INJECTION 
oF 1-6 PoLYSACCHARIDES 
ua. ANTIBODY SI 8 ll 8 III v 
N/4 Mu Serum 113*% 33% 96% 
0-10 : 27 16 72 
11-20 27 19 
21-30 16 17 
31—40 11 
41-50 4 
51-60 . 
61-70 
71-80 
81-90 
91-100 
101-200 
>200 


* No. of subjects. 
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TABLE 2 
SUBDIVISION oF Groups SHowING 0-10 ua. ANTIBODY N/4 Mu Serum 


8 I 8 II 8 lil sv 8 VII 
16* 12 


No. of subjects 31* 69t 7 

0-2 8 6 4 35 6 
3-6 12 6 17 0 
7-10 11 2 17 1 
Subjects with >30 ug. N 

against another type{ 11 4 24 
Subjects with >30 ug. N 

against 2 or more other 

types 12 
Subjects with 10 ug. N or 

less against all types in- 

jected§ 8 4 1 4 1 1 


* 4 and 3 bleedings, respectively, were obtained 10 months after the injections, so that these might originally 
have been in the 11-20 group or in a higher subdivision of the 0—10 group. 

+ 12 bleedings were taken 5!/2 months after the injections. 

t In 5 instances only 1 other type was injected. 

§ In 7 instances only 1 other type was injected. 


It should also be noted that the numbers recorded are maximal values of anti- 
body nitrogen per 4 ml. of serum. The maxima were reached in 2-6 weeks, and, ° 
since there was little or no change for another 4-6 months,’ it would seem un- 
necessary to list a long series of values, especially as the significance of the pro- 
longed response has been discussed in detail elsewhere.'°: 1! The antibody response 
of twelve additional normal subjects to 8 I and 8 II in two weeks has also been 
measured. !* 

The following inferences appear warranted from the data reported in Table 1 
and Figure 1. 
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Fig. 1.—Antibody response of all subjects, all types; 0-10, 11-20, etc., wg. antibody N/4 ml., 
expressed as per cent of total for each type. 
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Fig, 2.—Subdivision of 0-10 groups of Fig. 1: ["] = no. of subjects with 0-2 ug. antibody N/4 ml.; 
lili = 3-6 wg.; BZ = 7-10 ug. 
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1. By far the largest number of responses occurred in the 0-10 bracket, and 
these are analyzed further in Table 2 and Figure 2. A very large number of sub- 
jects would therefore be required before any disease could properly be said to be 
characterized by a low antibody response to pneumococcal polysaccharides. 

2. With several of the types the responses in the first two, three, or even four 
ranges of ten units were almost equal. This is especially evident with Type VII, 
the polysaccharide of which appeared to be the best antigen of those tested. Small 
quantities of antibody reactive with the specific polysaccharide of Type VII pneu- 
mococcus were frequently present in sera!’ taken before injection with the poly- 
saccharides, but the subsequent response appeared unrelated to these amounts. 

3. In general, the specific polysaccharide of Type V pneumococcus gave the 
poorest levels of antibody. It is not known whether or not this was due to peculi- 
arities in the structure of the polysaccharide resulting in greater sensitivity to 
alteration during its preparation or during its sojourn in the human body. Even 
with this substance, however, there were several extremely high responses. As in 
the case of high values obtained after injection of the specific polysaccharides of 
other types of pneumococcus, an unusually high antibody content could not be 
related to any previously known experience with pneumococci of the type involved. 

4. Except in the case of Type VII, only 4-16 per cent of the subjects attained 
levels of antibody nitrogen greater than 50 wg/4 ml. Even so, as was shown 
earlier,? the levels reached after injection of the specific polysaccharides of Types 
I, Il, V, and VII appeared to suffice for protection against exposure to virulent 
pneumococci of these types in the crowded conditions of a training school, even 
though 12 out of the 19 sera analyzed contained too little antibody to the Type V 
polysaccharide to measure by the sensitive method used.! In a much larger sample 
than that of the school, only 30 per cent of the subjects injected with the Type V 
polysaccharide attained levels of antibody nitrogen greater than 10 ug/4 ml, so 
that extremely small amounts of circulating antibody appear sufficient to protect 
a human being against ordinary exposures to Type V pneumococcus. This prob- 
ably applies to the other pneumococcal types as well, with which the antibody re- 
sponse was better, so that the order of magnitude of antibody necessary to protect 
against pneumococcal infection would seem to be about that required for protection 
against diphtheria. This is certainly surprising, since the comparison is between 
antitoxic and antibacterial immunity. 

5. Only 6-25 per cent of the individuals who responded with 10 yg. or less of 
antibody to one type gave equally poor responses to the other type-specific sub- 
stances injected (Table 2). Therefore, in this series at least, a poor antibody- 
former for one antigen is not necessarily a poor antibody-former for another anti- 
gen, which is contrary to common belief. This is further borne out in the next- 
to-last two categories of Table 2, in which some of those whe responded poorly to 
one type of substance are shown to have given excellent antibody titers with one 
or more other polysaccharides. 

Summary.—Scattered quantitative data on the human antibody response to 
injections of pneumococcal polysaccharides are brought together, presented in the 
form of tables and histograms, and discussed. 


* The studies described were carried out under grants to Columbia University from the Armed 
Forces Epidemiological Board, Office of the Surgeon General, United States Army. 
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The polysaccharides are herein designated “‘S,’’ with the appropriate Roman numeral for the 

pneumococcal type. 
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CELL DIVISION IN ISOLATED SINGLE PLANT CELLS IN VITRO* 
By Joun G. Torreyt 
STRANGEWAYS RESEARCH LABORATORY, CAMBRIDGE, ENGLAND 
Communicated by Ralph H. Wetmore, August 19, 1957 


[ntroduction.—Ideally, a tissue culture should be started from a single isolated 
cell, maintained under cultural conditions which allow it to divide repeatedly to 
form a tissue in vitro. This ideal has been achieved with animal cells, first by 
Sanford et al.,! starting with single cells of L-strain mouse fibroblasts cultivated in 
capillary tubes, and then by Puck and Marcus,’ using suspensions of HeLa strain 
human carcinoma cells in which individual cells attached to glass were seen to es- 
tablish colonies under appropriate nutrient conditions. Both these methods of 
culture allowed precise and accurate microscopic observation during cell isolation 
and subsequent division. 

Parallel studies of isolated plant cells have been less conclusive. Muir et al.’ 
reported the establishment of tissue cultures from single isolated plant cells of mar- 
igold and tobacco-stem tissues by placing the isolated cell atop a piece of filter paper, 
which, in turn, had been placed upon a piece of callus tissue which acted as “host.” 
Such single cells formed tissue masses 4 mm. in diameter in 6-10 weeks and could 
then be transferred to agar medium for further cultivation. The method unfor- 
tunately did not allow careful and continuous scrutiny of the cell either immedi- 
ately after isolation or during subsequent development of the tissue. De Ropp‘ 
attempted to culture single isolated plant cells from several different plant callus 
tissues, using a modification of the capillary technique of Sanford et al.,' as well as a 
modified “sitting-drop” culture in which the cell was immersed in a fluid medium. 
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De Ropp, following isolated cells microscopically, was unable to obtain cell division 
in any of the mature vacuolated single cells he studied, although such cells could be 
maintained alive up to 4 months in a coconut-milk medium. 

In the present study a method has been devised which combines the features of 
the hanging-drop technique and the “host’’ arrangement which permits observa- 
tion of isolated cells and of their behavior in vitro. By this method, it has been 
possible to prove conclusively that mature vacuolated plant cells are capable of 
undergoing cell division in isolation. The method and the early stages in the de- 
velopment of callus-tissue cultures from single isolated cells are described. 

Materials and Methods.—Callus tissue derived from the vascular cambium region 
of roots of the garden pea, Pisum sativum, was grown on a pea-root medium ¢con- 
taining the auxin, 2,4-dichlorophenoxyacetic acid at 10-* M supplemented with 1 
gm/| powdered yeast extract by methods already described by Torrey and Shige- 
mura.’ Most cell isolations were from agar-grown callus tissues of an extremely 
friable type which had been maintained in continuous cultivation for over 2 years. 
Similar cells were studied from liquid-grown cultures. Cells were initially sus- 
pended in a small liquid drop of the nutrient medium on a cover slip over a moist 
chamber from which individual cells could be selected and then isolated by use of a 
deFonbrune micromanipulator equipped with a finely drawn micropipette. The 
isolation of cells was followed under the microscope at a magnification of 90X. 
Cells varying in size from 40 to 200 uw and in shape from spherical to elliptical and 
gourd-shaped were isolated. 

The individual cells were transferred from the pipette to an agar hanging drop. 
Maximow’s double-cover-slip method was used (cf. White*®) and may be described 
briefly as follows. A warm 0.7 per cent agar drop of the nutrient medium (the M6 
medium of Torrey and Shigemura® was used throughout) was pipetted onto a sterile 
16 X 16-mm.-square cover slip, spread thin, and allowed to cool. In the center of 
the solidified drop was placed a small piece (about 1 mm. in diameter) of callus tis- 
sue. The cover siip was placed on the center of a second sterile 11/,-inch-square 
No. 1 cover slip, tc which it adhered by the surface tension of a drop of paraffin oil. 
The double cover slip with the agar drop and callus culture in place was inverted 
over a standard 1!/. & 3-inch hollow-ground slide and sealed with a melted 3:1 
paraffin-vaseline mixture. The culture was incubated from 2 to 4 days in the dark 
at 25° C. At the end of this period, the preparation was opened, the smaller cover 
slip slipped off with sterile forceps, and stored temporarily in a sterile moist 
chamber. The cover slip with its agar drop was then carried up with sterile for- 
ceps to the manipulator, and the isolated cell, held in the micropipette, was squirted 
out of the capillary onto the peripheral region of the agar drop surrounding the 
central callus mass. Usually six such cells were isolated and placed individually 
around the callus, then the cover slip was replaced on a fresh large cover slip, in- 
verted over a new cavity slide, and resealed. 

The cultures were incubated for 24 hours, and then each slide was examined under 
the microscope at high magnification (400). For illumination, an incandescent 
lamp heavily filtered with neutral and dark-green filters, as well as a heat filter, 
was used. Viable cells were located accurately with the aid of a calibrated mechan- 
ical stage, and cell dimensions were recorded, together with a sketch of the cell and 
notes concerning distinctive features. Incubation was continued in the dark at 
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25° C. Re-examination of isolated cells was made at selected, fairly infrequent, 
intervals to avoid damage to the cells by illumination. 

All the cells were mature parenchyma cells (Fig. 1, A) with a large centrally or 
peripherally located nucleus, usually surrounded by starch grains and suspended 
by protoplasmic strands, in which streaming of mitochondria and other cytoplasmic 
particles was evident. Because the cells adhered to the surface of the solidified 
agar drop, the viable cells had a characteristic three-dimensional appearance which 
dead, collapsed cells lacked. Protoplasmic streaming or gross cytoplasmic move- 
ments were the most reliable criteria of viability. 


2 a 


Fic. 1.—Cells and callus tissues derived from isolated single cells of preseat callus, 


cultured on agar hanging drops. A, a single cell 24 hours after isolation, showing 
the large central nucleus surrounded by starch grains; B, a single cell after its divi- 
sion into two by the fifth day; C, a single cell after segmentation into 6 cells by the 
tenth day, (photographed after the culture had begun to degenerate); D, a clone of 
single-cell origin at the 5-cell stage on the nineteenth day; #, the same clone of single- 
cell origin as in D, at the 7-cell stage on the twenty-fourth day. Note the position of 
cells relative to those in D. The seventh cell is below the plane of focus on the 
right. A-C, 330X, D-E, 250X. 


Experimental Results.—If a cell were going to divide, the first division usually oc- 
curred within 7 days. Figure 1, B, shows a cell which had divided into two by the 
fifth day, after which its size remained unchanged and it underwent no further de- 
velopment. Figure 1, C, illustrates a single cell which by the tenth day had divided 
into six, all within the original wall of the isolated cell. Although the photograph 
was taken after the culture had begun to degenerate, the segmentation which had 
occurred is evident. In these cells, division was unaccompanied by cellular en- 
largement, and development ceased. This segmentation behavior is reminiscent 
of the type of cell division which is induced experimentally with kinetin.’ 

Sometimes cell division was followed by cell enlargement, and the early develop- 
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ment of a callus tissue could be observed. Figure 1, D and £, shows two stages in 
the formation of a callus derived from a single cell. The original cell was 100 yu in 
length; by the seventh day, it had formed 3 cells. At the 5-cell stage on the nine- 
teenth day (Fig. 1, D), the total length was about 185 yw, and at the 7-cell stage on 
the twenty-fourth day (Fig. 1, #) the callus was more than twice the original 
length and several times the original volume. The culture was lost at this stage 
because of dehydration. Other examples of cell division and subsequent enlarge- 
ment of isolated single cells have been observed, but no clone has yet been carried 
to the point of establishing an independent callus culture. Many cells have been 
studied during these experiments. Since the development of the present method, 
about 400 single cells have been isolated and followed critically under the micro- 
scope. Of this number, about 70 per cent were viable at the end of the first 24- 
hour period, and about half of these cells were still alive at the end of the first week. 
Of the approximately 135 cells which, after isolation in this way, were found to be 
viable at the end of 1 week, only 7 per cent had undergone division. Cells have 
been maintained in a viable condition but without division for up to 8 weeks by 
periodic rep:anishment of the culture with fresh medium. Other cytologic changes 
in these cells have been recorded. A few cells showed limited enlargement but 
failed to divide. The accumulation in the cytoplasm of large granular bodies 
which are not starch has also been observed. 

The presence of the “nurse’’ callus tissue is essential to the survival of the indi- 
vidual cells under these conditions; in the absence of the piece of callus tissue, iso- 
lated cells do not survive on the agar drop for more than a few days. The callus 
tissue appears to be essential also for the division of the isolated cells, as cell divi- 
sion has never been observed except in the presence of the nurse tissue. Whether 
the callus in some way “conditions” the medium so that the isolated cell can main- 
tain itself and divide remains to be demonstrated. 

Discussion.—The success of this method in providing conclusive evidence that 
single mature plant cells are capable of undergoing cell division in isolation gives 
strong support to the conclusion of Muir et al.* and Muir*® that they were indeed 
establishing callus tissues from single cells. The present method can be considered 
a modification of their procedure, but it has the advantage that the individual cells 
can be followed microscopically during the early course of callus development. 
Technical difficulties arise in maintaining hanging-drop cultures for the prolonged 
periods necessary to establish independent clones; it is expected, however, that 
these problems will be overcome by routine periodic replenishment and that callus- 
clones of undisputed single-cell origin will be established in this way. 

The question arises of why only a small proportion of the viable cells isolated 
undergo cell division. In all previously published studies on isolated cells, both 
animal and plant, the same observation has been made. In the first place, the 
technical procedure of isolation tends to damage cells, either by physical injury or 
through internal chemical changes, such as loss of essential metabolites by diffusion 
or by light-induced destruction. Second, some cells are undoubtedly abnormal in 
their nuclear constitution and behavior and thus inherently incapable of cell divi- 
sion. Such nuclear abnormalities are not infrequent in plant callus tissues and, 
while prey enting normal mitosis, may not manifest themselves in cells in the resting 
state. A third possible explanation for the low percentage of cells in division is 
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that cells differ'in their degree of differentiation in such a way that conditions which 
favor cell division at one stage of differentiation may be inappropriate for the di- 
vision of cells at another stage. Using a selected medium and restricted environ- 
mental conditions may thus allow only a few of the cells from the mixed-cell popu- 
lation of a callus tissue to undergo division. Appropriate changes in nutritional 
or other conditions of culture may then bring other cells into division. These and 
other possibilities can and should be explored by the use of this method of culturing 
single isolated cells. 

The two types of behavior manifested by the cells which did show activity, i.e., 
division without enlargement and division accompanied by enlargement and fol- 
lowed by divisions, can best be interpreted in terms of at least two groups of limiting 
factors for normal callus development from isolated single cells. It is possible 
that these two groups of factors limit and control cell division and cell enlargement, 
respectively, and may involve some form of interaction such as that postulated by 
Skoog and his co-workers’ between auxins and kinins. A critical study of such 
compounds and their effects and interactions on isolated plant cells must be made 
with a synthetic medium and represents a problem for future study. 

Summary.—A method has been devised for culturing single isolated cells derived 
from a friable pea-root callus tissue, under conditions which allow cell division and 
the initial stages of callus tissue development to occur. An agar drop of nutrient 
medium on a double cover slip is inoculated with a small piece of callus tissue, 
sealed over a hollow-ground slide, and incubated for 2-4 days at 25° C. The cul- 
ture is opened, and single cells, isolated in a micropipette with a deFonbrune micro- 
manipulator from a cell suspension, are placed on the agar medium in the peripheral 
area of the drop surrounding the callus “‘nurse.’”’ The slide is resealed and incubated 
in the dark at 25° C. Microscopic observation of these cells can be readily made 
at a magnification of 400. Isolated mature vacuolated single cells can divide 
under these conditions. Of the cells which were viable 1 week after isolation, about 
7 per cent had divided; in some, division was not followed by enlargement; in 
others, division was followed by cell enlargement and then by further divisions. 
Although no independent callus-tissue clones have yet been established by this 
method of culture, it provides conclusive evidence that isolated single mature 
plant cells are capable of dividing in vitro. 

* This investigation was supported in part by research grant No. RG 2861 from the National 
Institutes of Health, Public Health Service. The work was carried out while the author was a 
Merck Senior Postdoctoral Fellow at the Strangeways Research Laboratory. The author is in- 
debted to its director, Miss Honor B. Fell, for her enthusiastic interest and helpful advice during 
the investigation. 

t Present address: Department of Botany, University of California, Berkeley 4, California. 
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EVIDENCE FOR AN UNSTABLE CO, FIXATION PRODUCT 
IN ALGAL CELLS* 


By Hetmut Merzner,t Hetmutr Srmon,t Barsara METZNER,§$ 
AND MELVIN CALVIN 


RADIATION LABORATORY AND DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CALIFORNIA, BERKELEY 
Communicated August 19, 1957 


When green algae (Scenedesmus or Chlorella) are killed after a period of photo- 
synthetic or dark fixation of radioactive carbon dioxide by pouring the algal sus- 
pension into deeply cooled organic solvents (acetone or ethanol), a higher total C' 
fixation is found than in control experiments in which the algae were killed in the 
usual way! by boiling ethanol.? The relative difference is greater, the shorter the 
period of photosynthesis. This seems to indicate that one of the first intermediates 
of the carbon dioxide assimilation, if not the first intermediate itself, is not stable 
in hot ethanol. An investigation of this effect led to the conclusion that a part of 
the unstable compound is split, giving off C'O.; the rest is converted to one or 
more stable products, probably PGA for the most part. This is reasonable on the 
assumption that boiling ethanol does not stop the metabolism of the algae im- 
mediately but provides a short interval of time at elevated temperatures prior to 
the cessation of all enzymatic activity. Instead of this, cold acetone (7 < —20° 
C.) rapidly blocks all enzymatic activity and by this means preserves more reliably 
the quantitative distribution of the intermediates within the cell at the moment 
of killing. The unstable CO, fixation product, however, disappears from the sus- 
pension very rapidly. So it is not possible to measure the exact amount of this 
compound by the standard procedure, plating the suspension on aluminum planch- 
ets and counting with a Geiger tube. Nor have we as yet succeeded in finding 
experimental conditions under which the unknown substance is to be detected on 
paper chromatograms. 

To get more information on this unstable product, Scenedesmus suspensions were 
poured into cold acetone or ethanol (—30° C.), and after addition of a certain 
amount of acetic acid (to remove excess bicarbonate) an aliquot was taken by 
precooled micropipettes and injected into a very cold (—183° C., liquid oxygen) 
bomb with a copper—copper oxide mixture and some glucose as a carrier substance. 
After warming up the bomb to —45° C., evacuating, and sealing it, the organic 
material was burned, following the procedure proposed by Wilzbach and Sykes.* 
The gas mixture was fractionated, and the carbon dioxide transferred into an ioni- 
zation chamber, where the amount of radioactive CO. was measured with a vibrat- 
ing reed electrometer. By this method the “total fixation’ (Table 1, sixth col.) 
was estimated. A second aliquot of the suspension was spread on an aluminum 
planchet and, together with this plate, was burned in a second bomb. This gave 
the amount of the “stable fixation’ (Table 1, seventh col.). In some experiments 
this value was estimated by counting the planchets with a Geiger tube, using a pre- 
viously determined conversion factor to express the figures in the same measuring 
system (millivolt/minute) as in the electrometer readings. The absolute and rela- 
tive amounts of the unknown unstable compound are given by the difference be- 
tween the two measurements. 

892 
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Out of more than 250 measurements, which will be published in a more detailed 
paper, Table 1 presents some representative data. All measurements confirm the 
statement of our first experiments? that a part of the CO» is unstably bound. The 
unknown complex is extremely labile. In cold (—30° C.) acidified acetone suspen- 
sion, most of it survives for only a few minutes. It seems, however, that the rest is 
more stable. A certain percentage of it can, at room temperature, be spread on 
aluminum planchets, disappearing from there gradually in the course of some 
hours. This may indicate that we are actually dealing with two or more labile 
compounds, of which at least one is more resistant to acidified acetone. One of 
these substances may be the 8-keto acid, the addition product of CO2 and ribulose 
diphosphate. In experiments with photosynthesis periods of 2 minutes or more, 
there is another compound which disappears slowly at room temperature. This 
substance may be the volatile glycolic acid. We can calculate from our data that, 
after a few seconds of photosynthesis, more than 90 per cent of the activity is in the 
unstable group of compounds. It is likely that the percentage extrapolates to 100 
per cent for zero time. 


TABLE 1* 
DISTRIBUTION OF THE C!4 AcTIVITY AFTER PHOTOSYNTHESIS (PS) aND Dark Frxation (D.F.) 


UNSTABLE 
FIXATION 
Abso- Rela- 
lute tive 
(Mv/ (Per 
Cent) 


STABLE 
Frxa- 


Tora. 
Fixa- 
KILLING 
PROCEDURE MIN MIN Min) 
Acetone 10.9 33.1f 
Ethanol (—30° C.) 37. lL.3.. 
Ethanol (+78° C.) 34.7 33. 0.9 2.6 
NH-OH /acetone - ' 0.4 1.0 
(—30° C.) 
Ethanol 3t : 4.27 14.8f 
( —30°C.)/ q Tt : 2.9f 9.4} 
NH.OH 


EXPERI- 

MENT PRETREATMENT 
1 (12a) 90 sec. N2/light 
2(1la) 90 sec. N2/light 
3(11b) 90 sec. N2/light 
4(1le) 90sec. N2/light 


90 sec. N»/light 


9 (12d) 
10 (12e) 


90 sec. N2/light 
70 min. N»/dark 
90 sec. N2/light 
10 min. N:/dark 
3 min, O./dark 
90 sec. N2/light 
90 sec. N2/light 


30 
60 


60 
60 


(Dead algae) 2 ; 0.6 


Acetone (—30° C. 
Acetone (—30° C. 


Acetone (—30° C, 
Acetone (—30° C.) 


0. 
3. 69.4 


12. 50.2 
2.9 40.3 


15 see dark 
* All values given in this table for the total fixation, and therefore for the amount of the unstable compound, 
are minimum figures, because there was a time interval of between 30 and 60 sec. between the killing of the algae 
and the freezing of the sample within the bomb. 
t Value too small (time interval between killing and freezing of the sample > 
} Data obtained after warming the suspension to + 20° C. 


60 sec.). 


Experiments with algae which had been killed by acetone before the radioactive 
bicarbonate was added to the suspension (Experiment 6), as well as the failure of 
any unstable compounds to appear in dark fixation (Experiment 7), proved that the 
CO, binding is not an unspecific adsorption of the gas or a binding by a buffering 


~ 


system of the cell. After killing with boiling ethanol (Experiment 3), there is prac- 
tically no unstable compound left. 

If the photosynthesis of the algae is stopped by injecting hydroxylamine (final 
concentration ~10~? mol/l] algal suspension) into the algal suspension, killing as 
soon as possible (<2 seconds later) by addition of cold acetone, we observe an in- 
teresting “stabilization” effect.2 At first sight (Experiment 4) this looks like the 
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behavior with boiling ethanol, but more likely we are dealing with another effect. 
By killing Scenedesmus cells first with ethanol (—30° C.) and then adding NH,OH 
(Experiment 5), there is some stabilization. After this suspension is left standing 
and has warmed up to room temperature, an additional part of the unstable com- 
pound is transformed to one (or more) stable products. It is improbable that the 
additional stability introduced under our experimental conditions (acidified ace- 
tone) is due to an enzymatic or purely chemical splitting of an unstable precursor 
into PGA. It looks more like a stabilization by trapping of an unstable product 
or the CO, fragment of this compound. We are studying this effect further be- 
cause it might give us some information concerning the chemical nature of the 
unstable complex. 

After a dark pretreatment in distilled water, constantly flushed with pure nitrogen 
for 70 minutes, Scenedesmus cells lose their ability to fix CO. in complete darkness 

—at least this fixation is reduced to negligibly low values. On the other hand, we 
observe a small but significant dark fixation in 60 seconds if the algae, after this 
anaerobic dark pretreatment, are flushed with oxygen (Experiment 8). If the bi- 
carbonate solution is given immediately after a light period (Experiment 9), even 
if the illuminated algae were flushed for 90 seconds with nitrogen, there is a higher 
total C* fixation than after a longer dark period (Experiments 7 and 8). Within 15 
seconds, however, this affinity decreases to about one-third its original value (Ex- 
periment 10). This behavior agrees fairly well with the old observations on the 
CO, “pickup”’ after light periods,' which can also be observed after a pre-illumina- 
tion of the algae in a helium atmosphere.‘ For the stable intermediates and for the 
unstable compound this fixation goes down at comparable rates. This makes us 
believe that the unstable CO, fixation product is a precursor of the stable inter- 
mediates in photosynthesis. 

That there is an unstable CO, fixation by living plant tissues, independent of the 
binding by carbonate and phosphate buffers inside the cells, has been postulated 
for a long time.® ® Shafer’ could demonstrate that such a CO, uptake is enhanced 
in the light. Our data, especially the lack of dark fixation under strictly anaerobic 
conditions, show that this fixation cannot be an unspecific addition to basic groups 
of proteins® or other cell constituents; it must be a fixation which is, at least partly, 
light-dependent. The compound for which we have evidence cannot be identical 
either with the complex described by Ruben and his co-workers® or with the ‘pri- 
mary product”’ postulated in some Russian publications,'® '' because the product 
with which we are dealing would not have survived the killing and isolation pro- 
cedures used by Ruben as well as by the Russian scientists. Our COs» fixation 
product cannot be identified with Warburg’s “functional carbonic acid,’’!* which is 
CO, reversibly bound by the glutamic acid~y aminobutyric acid system,'* because 
the fixation product—glutamic acid—would be stable in cold acetone. 

In a series of experiments in which the absolute amount of the unstable fixation 
was determined as a function of the time of photosynthesis, it was found that the 
amount reached a maximum value after about 2 minutes of photosynthesis. Using 
this maximum value together with the specific activity of the CO, fed, we calculate 
a value of 10-15 millimol CO2/1 of chloroplastic material for the pool size of the 
unstable fixation products. This figure is more than five times higher than that 
given for the amount of the ribulose diphosphate, which was thought to be the first 
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CO: acceptor.'4 On the other hand, our value is somewhat lower than the chlore- 


phyll content. 

Summary.—By direct combustion of suspensions of algae killed by subzero ace- 
tone, it has been possible to demonstrate the presence of an unstable compound 
formed in a very short time by algae photosynthesizing in C'O.. This substance is 
not present when the algae are killed by boiling alcohol. Its formation is primarily 
dependent upon illumination, which is required either during or just prior te the 
exposure to C“O.. It also appears in smaller amounts in the dark in the presence 
of oxygen. The compound or a derivative of it is stabilized to room temperatures 
in either acetone or alcohol by the addition of hydroxylamine. 


* The work described in this paper was sponsored by the United States Atomic Energy Commis- 
sion and in part by the Chemistry Department, University of California, Berkeley, California. 
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Introduction —The concept of the chloroplast as a semiconductor-like unit. 
as envisaged by Katz! and by Bradley and Calvin,” has recently achieved some 


measure of experimental support. The studies of Arnold and Sherwood* on dried 
chloroplast films have revealed that such systems exhibit some of the properties 
of semiconductors. Similarly, the investigations of Commoner, Heise, and Town- 
send‘ and of Sogo, Pon, and Calvin® have demonstrated unpaired electrons induced 
by red light in both dried and wet chloroplasts. Low-temperature studies® suggest 
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that the spin resonance is the result of a direct photophysical transformation. 
On the basis of these investigations, however, it has not been possible to decide 
whether the unpaired spins are associated with a triplet state, with a radical pro- 
duced by the direct photodissociation of a single bond, or with trapped electrons 
in a quasi-crystalline lattice. 

The decay of the electron spin resonance signals in the dark at room temperature 
in wet chloroplast preparations* ® suggests that at least some of the energy asso- 
ciated with these unpaired spins might be re-emitted as light. Inasmuch as long- 
lived luminescences in the room-temperature range in whole algae® and in chloro- 
plasts’ have already been reported, it was felt of interest to study the light-emission 
properties of chloroplast suspensions under a wider variety of conditions, in an 
effort to correlate such properties with the spin resonance studies* * and with the 
thermoluminescence effects.* 

While the earlier results with both whole algae® and chloroplasts’ showed lumi- 
nescence decay constants ranging from a few seconds to minutes, the suggestion . 
has been made? that time constants of the order of a tenth of a second or less might 
be observable in systems such as these. Thus an apparatus has been designed 
which is capable of detecting decay times of this order of magnitude. 

Materials and Methods.—The chloroplasts were prepared according to the 
method of Sogo, Pon, and Calvin. The apparatus used for the measurements is 
diagramed in Figure 1. It consisted of a cylindrical brass housing having two 
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Light Source 
Filter Holder 





























Filter Holder 

Dumont K-I292 
Photomultiplier 

In Dewar Housing 
Photomultipi Anode Output 


Fig. 1.—Schematic diagram of apparatus used to measure lumines- 
cence decay curves of plant materials. 





openings at right angles to each other, each opening being fitted with an ordinary 
camera shutter. Shutter B opened onto a Dumont K-1292 photomultiplier tube 
(sensitivity range, 3000-13,000 A) cooled to dry-ice temperatures. The anode 
current of the photomultiplier flowed through 10° ohms to ground. A d.c. electrom- 
eter was used to measure the voltage developed across the resistance, and the 
electrometer output was fed into a Sanborn Model 151 recorder. The time con- 
stant of the electronic system was approximately 0.01 second. 

An aluminum rod (3 em. in diameter), which had a 2-cm. portion of its upper 
end cut away so as to provide a flat surface, was mounted inside the housing. 
The sample was painted onto the flat surface, and the rod was oriented so that 
this surface made a 45-degree angle to the intersection of normal lines drawn 
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through the centers of the two openings. The rod was fitted with a 500-watt 
heater, and a thermocouple was placed in the rod approximately 1 mm. from the 
flat surface. The bottom of the rod projected out of the housing and so could 
be immersed in a cooling bath. 

The shutters were provided with Heiland Electromatic coil solenoid triggers. 
For the measurement of the luminescence decay curves, a pulse from a storage 
battery triggered shutter A, and the flash contacts on this shutter were used to 
fire a GE FT-503 flash tube operated from a 5000-volt power supply with an output 
capacitance of 64 microfarads. The duration of the flash was approximately 2 
milliseconds. The same battery pulse was sent through a variable delay circuit 
and was used to open shutter B after shutter A had closed. In this manner, 
observation of the emitted light could begin approximately 0.1 second after the 
flash was completed. 

For the measurement of the glow curves, a 300-watt tungsten-filament lamp was 
used as a light source. This was focused onto the sample through a Corning No. 
3480 filter in conjunction with a special water-cooled Corning infrared filter. 
These served to limit the incident light to those wave lengths lying between 5800 
and 8000 A. The temperature of the sample was raised at approximately 15° C. 
per minute. A Varian G-10 recorder replaced the Sanborn recorder for the measure- 
ment of the electrometer output. Illumination times were 2 minutes. The heat- 
ing of the samples was started approximately 5 seconds after the illumination 
ceased. 

The absorption spectra of the chloroplast preparations were measured with a 
Cary Model 14M recording spectrophotometer. A specially designed low-tem- 
perature cell® was used, which permitted the chloroplasts to be painted onto a 
flat glass surface inside a Dewar jacket with optically flat surfaces parallel to the 
sample. A stream of cold nitrogen gas, generated by a small heater inside a Dewar 
of liquid nitrogen, was blown over the sample in the low-temperature measurement. 
A thermocouple was used to measure the temperature inside the cell. 

Results —The luminescence decay curves for wet whole spinach chloroplasts 
at four temperatures are shown in Figure 2. Log intensity versus time plots of 
these same data are given in Figure 3. The 23° C. decay curves may be considered 
as being the resultant of two emissions having half-lives of approximately 0.15 
second and 2 seconds, respectively. Furthermore, with the use of a more sensitive 
detection system, it is possible to demonstrate the presence of a third emission at 
room temperature which has a half-life of the order of 15 seconds. Approximately 
6 per cent of the total integrated light intensity up to about 7 seconds after the 
flash is due to the 0.15-second emission. 

The suggestion that the room-temperature decay curve consists of more than 
one component is confirmed by experiments in which the chloroplasts are cooled. 
The slower components diminish in intensity with decreasing temperature and 
have essentially vanished at about —35° C. At this temperature, the 0.15- 
second component is all that remains. The slope of the decay curve at this tem- 
perature is the same as that obtained by drawing a straight line through the last 
few points of the 23° C. curve and subtracting this line from the whole decay 
curve. 

Upon further cooling, the 0.15-second component slowly diminishes in intensity, 
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its decay constant remaining the same, and is gone at about — 100° C. At about 


—90° C. a fourth emission begins to grow in and gradually increases in intensity, 
down to —196° C., which is the lowest temperature attained in these studies. 
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Fic. 2.—Luminescence decay curves of wet whole spinach chloro- 
plasts at four temperatures: intensity versus time. 


This latter emission has a half-life of approximately 0.3 second. The 0.15-second 
and the 0.3-second (curve at — 140° C. of Fig. 3) emissions appear to decay expo- 
nentially. We have not found it possible to assess definitely the kinetics of the 
slower components. These cooling effects are completely reversible both quanti- 
tatively and qualitatively. 

Both large and small spinach chloroplast fragments® give room-temperature 
decay curves much like those of whole chloroplasts. However, the decay curves 
of both types of fragments appear to have a somewhat smaller proportion of 
slower components, as compared with the 0.15-second component, than do the whole 
chloroplasts. 
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The absorption spectra of whole spinach chloroplasts at 23° and at — 180° C. 
are shown in Figure 4. It is apparent that there are no changes in the low-tempera- 
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Fic. 3.—Luminescence decay curves of wet whole spinach chloro- 
plasts at four temperatures: log intensity versus time 
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Fig. 4. ~ Absorption spectra of films of whole spinach chloroplasts 


at 23° and —180°C. The relatively high background absorption in 
these spectra is due to the scattering of light by the chloroplast 
particles. 


ture spectrum which would account for the appearance of a new emission at these 
temperatures. The absorption spectra from 7500 to 13,000 A were also run at 
both temperatures. No significant absorption could be demonstrated. 
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Experiments made with various Corning filters placed between the chloroplasts 
and the photomultiplier indicate that the room-temperature emissions are all of 
the same wave length. A typical experiment, made with Corning filter No. 5970, 
is shown in Figure 5. It is apparent that the curve made with the filter in place 
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Fic. 5.—Effect of Corning filter No. 5970 on the luminescence of wet 
whole spinach chloroplasts. 


is parallel to the curve in which no filter is present. An analysis of these results 
was made by drawing parallel straight lines through the last three points of each 
curve and subtracting these lines from the original curve. The points obtained 
in this manner were plotted, and these gave parallel straight lines corresponding 
to half-lives of abeut 0.15 second. The relative areas under each of the two sets 
of parallel straight lines were found to be in approximately the same proportion. 
This indicates that both components are being depressed the same amount by the 
filter. 

Figure 5 reveals that Corning filter No. 5970 reduces the integrated intensity of 
the emitted light by approximately 70 per cent. This was also found to be true 
of the light emitted at —80° C. Inasmuch as this filter transmits only light 
of wave lengths between 7000 and 9000 A, it is possible to assign these limits to the 
wave length of the emitted light at both temperatures. The fact that only 30 
per cent of the emitted light is passed by the filter is due to its having a trans- 
mission of only 40 per cent at 7600 A, which is its wave length of maximum trans- 
mission. These results are corroborated by experiments made with various other 
Corning filters. 

Similar experiments performed at —180° C. lead to the conclusion that the light 
emitted at this temperature consists solely of wave lengths longer than 10,000 A. 
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Experiments performed with filters placed between the flash tube and the sample 
indicate that the 23° and the —80° C. emissions are excited by light composed of 
wave lengths between 6500 and 7000 A. Light between 3600 and 4200 A is also 
effective in exciting them. However, the —180° C. emission is excited only by 
wave lengths between 3600 and 4200 A. Light between 6500 and 7000 A is com- 
pletely ineffective. 

Figure 6 shows the results of experiments in which freshly prepared chloroplests 
are allowed to stand in the dark at room temperature over a period of time. The 
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Fic. 6.—Effect of standing in the dark at 23° C. on the luminescence 
of freshly prepared wet whole spinach chloroplasts. 





luminescence decay curves, measured at various time intervals, show a gradual 
increase in the integrated intensity of the emitted light. A maximum intensity 
is reached in about & hours. At this time the integrated intensity is about 2.7 
times that of the original signal. This increase was also found to take place at 
0° C., although at a much slower rate. The luminescence after 8 hours of standing 
at room temperature exhibits the same wave-length properties (both excitation 
and emission), temperature behavior, and decay curve as does the original lumi- 
nescence. After about 24 hours of standing at room temperature, the emitted light 
has decreased to about its original intensity, although the decay curve is somewhat 
different. After 48 hours of standing, there is still less luminescence, and the decay 
curve is markedly different. After 72 hours of standing, the emission has dis- 
appeared entirely. At the end of this period, the chloroplasts appear quite dry, 
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and thermoluminescence (glow curves) can be obtained from them (see below). 
An examination of Figure 6 reveals that the relative amount of the slower com- 
ponent appears to be decreasing after 8 hours of standing. 

Upon drying with a stream of nitrogen gas for a few hours, whole spinach 
chloroplasts give glow curves similar to those reported by Arnold and Sherwood.’ 
These are shown in Figure 7. They differ from the earlier observations,*® however, 
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Fic. 7.—Thermoluminescence of dried whole spinach chloroplasts. 


in that the unheated material gives a glow curve consisting of two well-defined 
peaks, one at about 50°-60° and the other at about 140°-150° C. It is believed 
that this difference is due to a lesser degree of dryness of the chloroplasts in the 
present studies than was the case in the earlier work. If the chloroplasts are 
dried for longer periods, the glow curves become similar to those of Arnold and 
Sherwood. Freshly prepared wet chloroplasts do not give appreciable glow curves. 
Before they are heated, the dried chloroplasts will emit light at room temperature. 

If the once-heated chloroplasts are cooled, reilluminated, and reheated, a glow 
curve results in which the peaks are shifted to higher temperatures and the total 
emission is smaller. The chloroplasts do not give any room-temperature emission 
once they have been heated. A third cycle results in a curve shifted to still higher 
temperatures, but with only a slightly smaller total intensity. 

Room-temperature luminescence decay curves for whole Chlorella are shown in 
Figure 8. It is seen that there is essentially only one component having a half-life 
of about 1 second (although there is a hint of a small amount of a faster com- 
ponent). Upon cooling the algae to —10° C., the emission disappears entirely. 

If dry nitrogen gas is blown over the Chlorella for about 15 minutes, the lumi- 
nescence disappears. If the algae are then rewet with a drop of water, the emission 
returns immediately. However, this luminescence has a decay curve very different 
from that of the original emission (see Fig. 8). 

Discussion.—It is not possible at the present time to compare quantitatively the 
results reported here with the earlier spin resonance studies.’ However, there 
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are a number of qualitative similarities which are significant. These include the 
following: 

1. Both the luminescence and the spin resonance signals are excited by the same 
band of wave lengths and both are due to absorption by chlorophyll. 

2. The room-temperature decay times are of the order of seconds for both the 
luminescence and the spin resonance absorption. The time constant of the spin 
resonance spectrometer was 2 seconds, and thus the shorter decay times reported 
here could not have been detected in the earlier work. 

3. At —140° C. the spin resonance signals had decay times of the order of 
hours, and the 7000-9000 A luminescence had disappeared completely (a lumi- 
nescence with a decay time of the order of hours would be undetectable with the 
apparatus used in the present studies). 

4. At room temperature the decay time of the unpaired electrons in dried 
chloroplasts was of the order of hours. Under these same conditions, the chloro- 
plasts did not luminesce. 

5. At about 60° C. the electron spin resonance of the dried chloroplasts had a 
decay time in the range of seconds. At approximately this same temperature 
there was a peak in the thermoluminescence curve of the dried chloroplasts. 
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Fic. 8.—Effect of drying and rewetting on the luminescence of wet 
whole Chlorella at 23° C. 


These correlations indicate that the 7000-9000 A light emission reported in the 
present work is, at least in part, the result of the decay of the light-induced unpaired 
electrons observed in the spin resonance studies. A quantitative comparison of 
the action spectra, quantum yields, and kinetic constants of these two phenomena 
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is now being carried out in this laboratory. Thi: should lead to a definitive assess- 
ment of the relationships between the two types of studies. 

There are four possible mechanisms for the production of either electron spin 
resonance or delayed light emission in systems of the type we are concerned with 
here. These are (1) the production of radicals by the direct photodissociation of a 
single bond, followed by their recombination in the dark; (2) the excitation and 
decay of a triplet state; (3) the reversible photosensitization of chemical or en- 
zymatic processes leading to the production of free radicals; (4) the production of 
trapped electrons in a quasi-crystalline lattice. The thermal depopulation of 
these traps, with the subsequent radiative recombination of the electron and hole, 
would then result in light emission. 

It is possible to rule out mechanism 1 by the following considerations. No 
known naturally occurring stable chemical bond can be dissociated by wave lengths 
in the range used in this work (6500-7000 A). In addition, the decay times (of 
the order of many seconds at room temperature) are not of the order of magnitude 
to be expected for radical recombinations at relatively high temperatures. Finally, 
it is difficult to reconcile such a mechanism with the existence of four separate 
luminescence decay times. 

The fact that chloroplast luminescence shows a definite temperature dependence 
and that all the luminescence excitable by 6500-7000 A light eventually disappears 
at —100° C. is sufficient to eliminate simple electronic transitions, such as that 
postulated by mechanism 2. Furthermore, the excitation of a long-lived triplet 
state cannot result in three emissions of the same wave length. 

While the existence of three temperature-dependent emissions of the same wave 
length can be explained in terms of mechanism 3, the following considerations 
are incompatible with such a scheme. The rise time and the concentration of 
unpaired spins are the same at —140° as at 23° C.5 The presence of the 0.15- 
second decay down to almost as low a temperature as —100° C. rules out the 
participation of chemical or enzymatic processes in either the forward or the 
reverse transformations in this emission. If only the 2-second and the 15-second 
luminescences represent chemical processes, one would expect that cooling, by 
preventing the reaction of radical formation from taking place, would result in a 
greater amount of energy appearing in the form of the 0.15-second decay. The 
experimental observations are not in agreement with this. Such a viewpoint is 
borne out by the fact that allowing the chloroplasts to stand at room temperature 
increases all the emissions by the same amount. 

We are thus left with only hypothesis 4, the production of trapped electrons in a 
quasi-crystalline lattice, as a possible mechanism for the phenomena reported 
here. The relationship of such a scheme to the thermoluminescence’® and to the 
electron spin resonance* > has already been discussed in the earlier papers. We 
shall now show that it is capable of accounting for the luminescence observations 
also. 

In general,’ at the instant the exciting light has ceased, there will be certain 
proportions of ‘‘free’’ electrons, trapped electrons, “free” holes, and trapped holes in 
the chloroplast. The luminescence during the first instants after cessation of 
excitation will then largely arise from the radiative recombination of nearby “‘free’”’ 
electrons and holes. Subsequent to this, emission will be the result of the thermal 
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excitation of electrons and holes from the shallowest traps, the decay constant 
being a function of the trap depth and the temperature. During the later stages 
of the decay curve, the emitted light will come from electrons and holes in suc- 
cessively deeper traps. All these emissions should be of the same wave length. 
As the temperature is lowered, k7' will become small relative to the trap depths, 
and light emitted as the result of thermal depopulation of traps should diminish 
in intensity. 

The fact that the integrated intensity of the 0.15-second component (which 
presumably is the result of direct recombination) decreases with decreasing tempera- 
ture, while the decay constant remains the same, suggests that, while the rate- 
determining step of this process is temperature-independent, there exists a process 
whose rate increases with decreasing temperature which is competitive with the 
recombination. Whether this competitive process is the actual trapping of the 
electron or hole or is a side process is not known. The above scheme predicts 
that the time constants of the slower components should increase with decreasing 
temperature. It has not been possible to ascertain whether or not the data are 
consistent with this. 

The increase in the intensity of the luminescence after 8 hours of standing 
(Fig. 6) suggests that there are enzymatic processes which compete with the re- 
combination of the electron and hole and with the detrapping process. Inasmuch 
as the 8-hour decay curve is parallel to the original curve, there are apparently no 
changes taking place in the internal structure of the chloroplast up to that point. 
However, longer periods of standing do produce such changes. The appearance 
of a glow curve after 72 hours of standing suggests that either a deepening of the 
traps already present or the production of new, deeper traps is occurring. The 
fact that quick drying of the chloroplasts will also result in thermoluminescence 
indicates that such deep-trap production is associated with a dehydration of the 
crystal. 

We are now left with the question of which electronic states of chlorophyll are 
responsible for the 7000-9000 A emissions and the longer-wave-length low-tem- 
perature emission. Figure 5 reveals that Corning filter No. 5970 reduces the 
integrated intensity of the room-temperature emissions by approximately 70 
per cent. Inasmuch as the red absorption maximum of the chloroplasts falls at 
about 6800 A (see Fig. 4), if these emissions were the result of a transition from 
the fluorescent level (first excited singlet) of chlorophyll, one would expect approxi- 
mately 75-80 per cent of the emitted light to lie between 6800 and 7100 A." Corn- 
ing filter No. 5970 should thus allow only 2-5 per cent of light due to such a transi- 
tion to pass. This suggests that these emissions are due to transitions between 
the lowest excited triplet state of chlorophyll and the ground state. The lowest 
triplet of chlorophyll a has never been observed.'! Thus it is not possible to 
decide which of the chlorophylls is involved. Experiments are now under way 
in this laboratory to obtain more accurate spectra of the chloroplast luminescence 
which will make possible a more definitive assignment of the transition involved. 

The fact that it is not possible to excite the low-temperature infrared emission 
of the chloroplasts by light absorbed in the lowest excited singlet state (S’ in Fig. 9) 
of chlorophyll provides strong evidence that this emission does not originate from 
a state of lower energy than this singlet. Therefore, one is forced to consider 
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transitions from the second excited singlet state (S”). Inasmuch as an S” — S’ 
transition (see Fig. 9) would have to compete with S” — G and the radiationless 
transition between S” and S’, both of which would have lifetimes of the order of 
10-* second, it is very unlikely that a 0.3-second lifetime emission could be due to 
an S” — S’ transition. 
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Fic. 9.—Schematic representation of the electronic energy bands 
in spinach chloroplasts. G: ground state; S’: first excited sing- 
let state; S”: second excited singlet state; 7’: first excited triplet 
state: 7”: second excited triplet state; 77r:, Tre, Tr3: electron 
traps of various depths. Straight lines represent radiative processes; 
zigzag lines refer to radiationless (thermal) processes; and dashed 
lines symbolize chemical or enzymatic reactions. 





It is a well-known fact that, in many highly conjugated organic systems, a 
radiationless transition between an excited singlet state and the corresponding 
triplet state may take place very readily.!2 This transition will be essentially 
independent of the temperature and of the rigidity of the environment.'* If, then, 
a significant fraction of the energy absorbed in the second excited singlet state of 
chlorophyll finds its way into the corresponding triplet state (7”), a transition 
between 7” and the lowest excited triplet (7’) would lead to an emission in the 
range of wave lengths observed for the low-temperature infrared emission of 
chloroplasts.'* The competitive processes for such a transition would be the 
T” — G transition and the radiationless transitions between 7” and T’ and between 
T” and G. Inasmuch as 7” ~ G is multiplicity-forbidden, it will have a relatively 
long lifetime, and 7” —~ T’ would be able to compete successfully. However, the 
two radiationless processes will have very short time constants (<10~* second). 
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This suggests, therefore, that, at room temperature and down to —90° C., all the 
energy acquired by 7” is dissipated thermally, and emission occurs from 7’. As 
the temperature is lowered still further, the radiationless processes are gradually 
inhibited, and 7” — T’ becomes an important pathway for the energy.” 

In order to account for the relatively long lifetime (~0.3 second) of the low- 
temperature emission, it is necessary to assume that the transition is highly sym- 
metry-forbidden. Theoretically, this is not an unlikely situation for a transition 
between two states to which transitions from the ground state are orbitally allowed. 
However, there is some question whether such a restriction can impart the degree 
of forbiddenness necessary to result in a lifetime of the order of a few tenths of a 
second. 

The energy relationships between the electronic bands in the chloroplast and the 
transitions discussed above are summarized in Figure 9. Processes a and ¢ repre- 
sent the absorption of light energy by the quasi-crystalline chlorophyli in the 
chloroplast. At room temperature, the radiationless processes d and h, and e 
and f, funnel all the energy that is not emitted as fluorescence (process b) or as 
heat from S’ (process j) into the lowest triplet state (7’). From T’, ionization 
(i.e., separation of the electron and hole) occurs, and the electron and the hole are 
trapped. The electron traps are designated Tr;, Tre, and Tr; in the figure. From 
the traps, the electrons and holes can be excited thermally into the conduction 
band, where recombination takes place and energy is emitted as light (process 7). 
Alternatively, the electrons and holes in the traps can be used up by chemical 
processes. Presumably, about three times as much energy goes by this latter 
pathway in freshly prepared chloroplasts as in chloroplasts which have been aged 
for 8 hours (see Fig. 6). This suggests that these processes represent the entrance 
of either the electron or the hole into the photosynthetic mechanism. 

As the temperature is lowered, the thermal energy becomes insufficient to excite 
the electrons and holes out of the traps. Below —90° C., process f begins to be 
inhibited, and process g becomes an important pathway for chlorophyll in the state 
T”. At these temperatures the electrons and holes formed subsequent to process 
g are “frozen” into the traps, and no emission occurs from 7”. 

Summary.—The luminescence of various chlorophyll-containing plant materials 
has been investigated under a variety of conditions. The results have been shown 
to be consistent with a mechanism involving the recombination of electrons and 
holes trapped in a quasi-crystalline lattice.'~> Some details of such a mechanism 
have been proposed which suggest the mode of entry of the light energy into the 
photosynthetic pathway.!: * 

The authors wish to express their appreciation to Dr. P. B. Sogo for his invaluable 
assistance in setting up and maintaining the apparatus used in this work and for 
many stimulating discussions. 

* The work described in this paper was sponsored by the United States Atomie Energy Com- 
mission. 

+ National Science Foundation Postdoctoral Fellow, 1956-1957. 

1 E. Katz, in Photesynthesis in Plants, ed. W. E. Loomis and J. Franck (Ames: Iowa State 
College Press, 1949), chap. XV, p. 291. A. Szent-Gyorgyi in an earlier publication (Science, 93, 
609, 1941) spoke of ‘‘conduction bands” in proteins as possibly significant in photosynthesis, 
but this concept does not correspond to the pi-electron system we are here discussing. 
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INHERITANCE IN NICOTIANA TABACUM. XXVIII. THE 
CYTOGENETICS OF INTROGRESSION 
By R. E. Ctausen anp D. R. CAMERON 
UNIVERSITY OF CALIFORNIA, BERKELEY, CALIF. 
Read before the Academy April 30, 1952;* communicated August 16, 1957 


In the improvement of tobacco it has been suggested that advances may be ac- 
complished by transferring genes from alien species to Nicotiana tabacum, the com- 
mon cultivated tobacco. This suggestion was first put to actual demonstration by 
Holmes,’ who transferred the necrotic type of mosaic resistance from the 12- 
chromosome NV. glutinosa to cultivated tobacco, a 24-chromosome species. Some 
success has also been achieved in transferring other features from additional alien 
species to cultivated tobacco. These investigations have dealt mostly with disease 
resistance, as in the case of necrotic mosaic resistance of N. glutinosa, for this gives 
a tangible objective of considerable economic importance. The tobacco crop is 
plagued by devastating diseases, some of them caused by soil organisms which are 
particularly difficult to combat by any present economical agricultural procedures. 
Valleau’ has prepared a very useful comprehensive review of the problem of breed- 
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ing for disease resistance in tobacco, and Clayton’ has also reported on the subject. 

The possibilities of such improvement are very intriguing because N. tabacum 
may be hybridized with more than half the known species of Nicotiana, about sixty 
in number. Of these species, five may be regarded as antecedent species, because 
they are probably involved in the ancestry of tabacum. They are N. sylvestris and 
four members of the tomentosa group: vtophora, setchellii, tomentosa, and tomento- 
siformis. With them, transfer of genes to N. tabacum presents no unique problem. 
F, hybrids of these species with tabacum exhibit regular chromosomal association 
and a degree of fertility which, although low, is sufficient to yield some backcross 
progeny. The other twenty-five or more species are more remote; in fact, they 
give hybrids with tabacum which exhibit very little chromosomal association and 
in general are nearly if not quite sterile (aside from limited production of unre- 
duced gametes). With the advent of colchicine, however, it is possible to circum- 
vent this sterility by conducting operations on the polyploid level, particularly by 
producing triploid hybrids from crosses of tetraploid N. tabacum with the alien 
species. Essentially this method gives a sesquidiploid hybrid which has a double 
set of tabacum chromosomes plus a single set of chromosomes of the alien species. 
In most instances these hybrids are sufficiently fertile to give further progeny 
either by selfing or by backcrossing to tabacum. In any event, almost any other 
method of approach must pass through this bottleneck; hence, if this hybrid is not 
fertile, the possibility of transferring genes is practically excluded. 

Further operations rest in principle upon backcrossing the sesquidiploid hybrid to 
the tabacum parent and selecting, in each generation, those individuals which ex- 
hibit the desired alien character. Obviously, if the character should be recessive, 
modifications would have to be devised. As a matter of fact, suecess thus far has 
been restricted to dominant features. Unless selection is practiced for some alien 
feature, these progenies rapidly revert to tabacum and retain not the slightest trace 
of the alien species; but experience has shown that if selection is practiced assidu- 
ously, ultimately the genes for the desired features can be incorporated into the 
genetic system of N. tabacum. This is the academic problem to which this paper is 
addressed—i.e., how are these alien genes transferred to the tabacum system? As 
a concrete instance, we deal with the transfer of necrotic mosaic resistance from 
N. glutinosa to N. tabacum. 

When we produce the 3n-tabacum-tabacum-glutinosa hybrid, examination of 
F, reveals that normal pairing occurs between the 24 pairs of tabacum chromo- 
somes, but the 12 glutinosa chromosomes fail for the most part to become associated 
with them, although there may be some limited trivalent production. As a con- 
sequence, the ensuing backcrosses lead to rapid elimination of glutinosa chromo- 
somes, except that one is retained—specifically, the one which carried the gene 
for necrotic resistance; the Ne glutinosa chromosome. Very soon these progenies 
come to consist of necrotic-resistant and -susceptible plants with 24;; + 1; and 
241, respectively, at MI, the latter type identical in every respect with the original 
tabacum parent. The proportions of such plants are about | necrotic to 4 or 5 sus- 
ceptible plants, as a consequence of frequent elimination of the extra chromosome 
bearing the necrosis gene during the reduction divisions. 

With continued self-fertilization in such strains, plants will eventually be ob- 
tained which either breed true for mosaic resistance or which segregate in the typi- 
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cal Mendelian fashion, 3 necrotic to 1 non-necrotic. From the necrotic class true- 
breeding races may, of course, be established by further self-fertilization. Cyto- 
logical examination now reveals that these necrotic strains have 24;; as in normal 
tabacum, although usually one bivalent is characterized by a reduction in chiasma 
formation. The necrosis factor, therefore, has been transferred from the extra 
glutinosa chromosome to the tabacum set, a fact signalized by its abrupt change in 
genetic behavior from low transmission to the high transmission characteristic of a 
Mendelian dominant. 

Further research has revealed that this transfer may be accomplished in two 
different ways: (1) by substitution of the entire Ne glutinosa chromosome for an 
H tabacum chromosome, a process which we call “alien substitution,” or (2) by 
transfer of the necrosis factor from the glutinosa chromosome to the H tabacum 
chromosome, which may be called “segmental substitution.” Alien substitution is 
peculiar in this respect: although it gives a pure-breeding type with 24;; chromo- 
somes as in normal tabacum, nevertheless, when this type is crossed with other 
tabacum varieties, the hybrid does not have 24;; as in normal tabacum, but 23;; + 
2;, as a consequence of the failure of the alien glutinosa chromosome to conjugate 
with its tabacum counterpart. This heterozygous condition has rather complicated 
genetic consequences, since, on selfing, plants are produced differing in chromosome 
number (haplo-H and triplo-H) as well as necrotic and non-necrotic plants in a 
ratio of approximately 3 necrotic to 2 systemic. Mallah’s discovery‘ that necrotic- 
reacting Holmes Samsoun contained a chromosome which failed to pair with its 
normal tabacum counterpart was the original clue to this interpretation. Gerstel’s 
demonstration® that this was the necrotic chromosome derived from glutinosa and 
that the H chromosome specifically was involved closed this chapter in the studies. 
His further determination® that segmental substitution derivatives contained an 
H chromosome resulting from exchange between the normal H chromosome of 
tabacum and the Ne chromosome of glutinosa showed how the alien glutinosa gene 
was incorporated in the tabacum system. Despite the straightforward nature of 
the evidence for these two types of incorporation of necrotic resistance in tabacum, 
Kostoff’ and Valleau? have expressed doubts as to the validity of the interpreta- 
tion, particularly as to the first type of incorporation, namely, alien substitution. 
The second type, segmental substitution, has not aroused so much disagreement ; 
it involves no obvious meiotic disability, since the Ne-H chromosome thus estab- 
lished pairs regularly with its normal tabacum counterpart, the nce-H chromosome, 
and the necrotic resistance is transmitted in the expected Mendelian ratios. 

In our further investigations we have been especially concerned with the second 
type of transfer, where the necrosis factor has apparently been incorporated in the 
H tabacum chromosome. By appropriate means we can set up a hybrid between 
this type and the type arising from alien substitution, i.e., a heterozygous condition 
in which the synthesized Ne-H tabacum chromosome is opposed to an entire Ne 
glutinosa chromosome. Cytological study of such hybrids reveals that they have 
247; as in normal tabacum, and progeny tests demonstrate that the two chromosomes 
are distributed regularly, as would be expected from the cytological observations. 
Thus the Ne-H tabacum chromosome established in these experiments has the 
ability to conjugate regularly either with an Ne glutinosa chromosome or with a 
normal ne-H tabacum chromosome, although the Ne glutinosa chromosome appears 
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very rarely to conjugate with the normal ne-H tabacum chromosome. This be- 
havior is attributable to the presence in the Nc-H tabacum chromosome of a long 
segment derived from the Ne glutinosa chromosome, necessarily long to account 
for its regular behavior with the Ne glutinosa chromosome. Thus exchange of 
segments must occur exceptionally between the nc-H tabacum and the Ne glutinosa 
chromosome. 

If we assume that occasionally the Ne glutinosa chromosome conjugates with 
the ne-H tabacum chromosome and as a consequence exchanges segments with it, 
four types of chromatids will be produced: two unaltered parental-type chroma- 
tids— one a normal ne-H tabacum chromatid and the other an unaltered Ne glutinosa 
chromatid—and two complementary exchange chromatids, one of which, Ne-H, 
contains the Ne glutinosa segment. By reason of its long tabacum segment it can 
pair regularly with a normal tabacum chromosome, and by means of its long glutinosa 
segment it can also pair normally with an unaltered glutinosa chromosome. The 
more important consequences of this exchange are depicted in the model of Figure 1. 
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Fig. 1.—Model of exchange in glutinosa-tabacum hybrids in which the two kinds of alien sub- 
stitution arise as a result of exceptional conjugation of the H chromosome of \. tabacum with the 
Ne chromosome of N. glutinosa in selection products having a full complement of 241m N. tabacum 
chromosomes and a single (black) Ne glutinosa chromosome; the Ne locus is indicated by the small 
white area in the black chromosome. 


If such an event occurs in the microsporocyte, four kinds of functional pollen 
grains are produced which give rise to four different types of offspring if they fer- 
tilize normal 24-chromosome eggs. Among them, the significant type is the 
necrotic type with 247, signalizing incorporation of the necrosis factor by segmental 
substitution. Other possibilities which might be realized by production and 
fertilization with 25-chromosome pollen grains may be neglected, since they have 
been shown to function very rarely in competition with 24-chromosome grains. 

If, however, these same rarely produced pollen types unite with 25-chromosome 
egg nuclei containing the extra Ne glutinosa chromosome, then a necrotic plant 
may be produced which exhibits 24;; + 1; but which breeds true for the necrotic 
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condition, as a result of alien substitution. Thus, according to this model, occa- 
sional exchange of segments between the nc-H tabacum chromosome and the Ne 
glutinosa chromosome, especially when it occurs in pollen production, not only sets 
up an opportunity for incorporation of rare products of segmental interchange in 
the tabacum system but also affords an opportunity for substitution of the entire 
Ne glutinosa chromosome for the nc-H chromosome of tabacum. 

Alien substitution is not a desirable form of incorporation of alien material. It 
not only occasions further difficulty when attempts are made to transfer it to other 
varieties, but, owing to the considerable amount of alien material which is intro- 
duced, it is likely to introduce adverse linked differences into the varieties, along with 
the particular desirable feature, the necrotic response. Thus in our example, be- 
sides the necrotic feature, alien substitution of the Ne glutinosa chromosome deter- 
mined a lighter leaf color, a reduction in leaf size, and a dulness in flower color. 
The plants also appeared to be somewhat less vigorous than their normal counter- 
parts. As might be expected, tobacco growers found slight but distinct undesirable 
features associated with this type of necrotic variety. The segmental type of in- 
corporation in this instance fortunately appears to eliminate most of the undesir- 
able features and to lead to production of varieties acceptable commercially. 
It has been suggested that a system of continuous backcrossing might still further 
reduce the undesirable alien segment to the point where very little remained except 
the selected necrotic feature. This, however, seems to us a doubtful procedure, 
owing to the difficulty of devising a selection system capable of detecting plants 
which have received chromosomes reduced in alien content. As alternatives, it 
might be possible to build up a system of tabacum modifiers which would overcome 
these associated undesirable features, or it might be worth while to compare initial 
exchanges of independent origin with respect to their content of alien material. 

These investigations raise an interesting problem in homology of chromosomes. 
The H tabacum and the Ne glutinosa chromosomes are nonhomologous by cytological 
criteria, for in heterozygotes containing the two chromosomes they almost in- 
variably fail to conjugate. Yet a high degree of physiological equivalence is 
shown by the fact that gametophytes with an Ne glutinosa substituted for an ne-H 
tabacum chromosome appear to be nearly if not quite equivalent functionally, and 
the alien substituted zygote also is not conspicuously impaired as compared with 
its normal tabacum counterpart. It seems also that equivalence of the two is a 
necessary feature of the exchange, since incorporation apparently always involves 
the ne-H tabacum chromosome. We suggest, therefore, that the over-all consti- 
tution of these two chromosomes cannot differ greatly and that structural differ- 
ences are probably responsible for their inability to conjugate normally. 


The suggestions of Professor J. A. Jenkins in the final revision of the manuscript 
are gratefully acknowledged. 


* This paper under its subtitle was read under the name of the senior author and was thus 
abstracted in Science, Vol. 115, May 2, 1952. In writing the paper for publication, Mr. Clausen 
included Mr. Cameron’s name as co-author, but did not send it to press. With the approval of 
Mr. Cameron, it has been received for publication from Mr. J. A. Jenkins, chairman of the Depart- 
ment of Genetics, July 29, 1957. 
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CONTROL OF SEX RATIO IN RABBITS BY ELECTROPHORESIS 
OF SPERM ATOZOA* 


By MANvEL J. GORDON 
DEPARTMENT OF ZOOLOGY, UNIVERSITY OF CALIFORNIA, BERKELEY, CALIFORNIA 


Communicated by Curt Stern, July 10, 1957 


Introduction.—The use of electrophoresis as a means of separating male-producing 
and female-producing spermatozoa in rabbits was first attempted by V. N. Shreder 
(sometimes spelled ‘‘Schréder’’) in 1932—1949.'! She observed that the offspring of 
does artificially inseminated with anode-migrating spermatozoa were predominantly 
female, while inseminations with cathode spermatozoa produced predominantly 
male offspring. Shreder proposed, therefore, that anode-migrating sperm cells are 
X-chromosome-bearing, and cathode-migrating sperm cells are Y-chromosome- 
bearing. Her results show successful prediction of sex, on the basis of the above 
hypothesis, 80 per cent of the time. 

In 1936, Siljander? attempted a repetition of Shreder’s work and found that while 
cathode-migrating sperm gave a preponderance of males, anode-migrating sperm 
produced a sex ratio not significantly different from that of controls. Pilz*® and 
Kordts,‘ in 1952, also attempted to reproduce Shreder’s results. Pilz failed to ob- 
tain any electrophoretic separation of sperm and therefore did not proceed with 
artificial insemination. Kordts, while observing very marked separations, was un- 
able to alter the sex ratio significantly by insemination of separated sperm. 

The results to be reported here, while differing in some aspects from those of 
Shreder, lend credence and support to her work. 

Methods and Materials —Ejaculates were obtained from bucks by means of an 
artificial vagina slightly modified from one suggested by Emmens’ and Macirone and 
Walton. Total ejaculates were diluted 1:20 with a “glycine-Ring Z*” buffer de- 
scribed by Shreder (1941) and used at a pH of 7.1. This diluted sperm suspension 
was then introduced into a microelectrophoresis cell, and a potential was applied 
from a regulated power supply. The current was made high enough to permit fairly 
rapid electrophoretic migration but low enough to prevent convection currents. 
Each run was terminated at approximately 40-50 minutes. The cell used was so 
constructed that only one pole was accessible for the withdrawal of migratory 
material. By reversal of the current, this one pole could be either the anode or the 
cathode. One-half to seven-tenths of a milliliter was collected from the one acces- 
sible pole and used for insemination as soon as possible. 

Ovulation was induced by means of mechanical stimulation, hormonal injection, 
or by mating the doe to a vasectomized buck just prior to insemination. Insemina- 
tion was performed after lightly anesthetizing the doe with sodium pentobarbital. 
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It was desirable to work with newborn offspring because the risk of cannibalism 
by the female parent was ever present. The sexing of these offspring was compli- 
‘ated by two factors: (a) it is extremely difficult to distinguish the sex of newborn 
rabbits by the external anatomy; and (b) the determination of the sex by dissection 
of the newborn offspring was considered unreliable. In order to overcome these 
difficulties, the first 8 litters were killed during the first or second day after birth. 
The gonads were dissected out, and each pair was placed in a separate, labeled 
vial of fixative. The gonads were imbedded, sectioned, stained, and read micro- 
scopically to determine the sex. The histological picture is definitive, and the sex 
of each offspring can be determined with ease. 

All the other litters were subjected to two sets of “blind” tests conducted in the 
following way: In the first set, the offspring were killed as soon after birth as pos- 
sible and the gonads were dissected out and placed in labeled vials of fixative. After 
several litters of differently predicted sexes were so treated, they were turned over 
to a coder, together with a list showing what sex was predicted for each litter. The 
coder would remove one gonad from each vial and place it in a new vial labeled with 
a code number. These coded vials were then returned for imbedding, sectioning, 
and staining. After reading the slides, the sex for each code number was recorded, 
and this information was taken back to the coder, who decoded and compared the 
results with the predictions. This procedure was used for litters 9-18. The final 
13 litters were subjected to an additional procedure, involving dissection. This de- 
partment’s endocrinologist felt that he was familiar enough with the appearance of 
the embryonic state of the sex accessory organs in the newborn rabbit to attempt 
sexing by dissection. The blind test was then altered in the following manner: 
After the offspring of each litter were killed after birth, they were labeled and placed 
in a deep-freeze. After several litters were so treated, the offspring were removed, 
coded, and given to the dissector, who based his analyses on whatever differences he 
could detect in the sex accessory organs and the gonads. The gonads were removed 
and placed in vials of fixative and given to the coder. From this point on, this set 
of tests was conducted exactly as the first set of blind texts. Out of 84 animals, the 
dissector was found to be in error only twice. The sexes of all the other offspring 
were correctly determined. 

Observations and Results—The orientation of sperm cells in an electric field, as 
seen under a microscope, is always with the tails leading the way in the direction of 
migration. As soon as current is applied, the orientation is immediate and passive 
and the sperm begin their tail-foremost migration. (This phenomenon has also 
been observed by Mudd, Mudd, and Keltch’ with sea urchin sperm; by Jéel, Kot- 
chalsky, Kedem, and Sternberg*® with human sperm; and by Kordts* with rabbit 
sperm. ) 

At the pH used, one can also microscopically observe approximately equal 
amounts of sperm cells migrating toward anode and cathode. When the current is 
reversed, the anode-migrating sperm immediately become cathode-migrating and 
vice versa. 

From 201 inseminations, only 31 litters were kindled. About one-fifth of these 
inseminations were reinseminations, i.e., animals inseminated twice during an 8—16- 
day period. This very low conception rate was also found by Siljander.2. Most of 
our inseminations were vaginal, but the rate has been improved recently by intra- 
uterine inseminations. 
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Table 1 presents the results of the 31 litters kindled from inseminations made with 
electrophoretically separated spermatozoa. While it is known that certain errors in 
technique were made in some cases and suspected in others, all the data are presented 
and have been analyzed together. In order to avoid comparison of the sex ratio pro- 
duced with a theoretical 1:1 ratio, the sex ratio produced by insemination of anode- 


TABLE 1 


REsuut?s OF ARTIFICIAL INSEMINATION FROM ANODE AND CATHODE 
SPERMATOZOA IN 31 LiTTERS 
g fot Type Sex 
Usep Usep SPERM Exp. 
C-2 J-2 Cath. 
V-1 R-3 Cath. 
V-1 J-2 Anode 
> R-3 Anode 
f J-2 Anode 
R-3 Anode 
J-4 Cath. 
J-2 
J-2 
J-2 
R-3 Cath. 
J-4 Anode 
R-3 Cath. 
R-3 Anode 
R-3 Anode 
J-2 Anode 
J-21 Anode 
J-21 Cath. 
J-2 Anode 
R-3 Cath. 
A-8 Cath. 
A-6 Anode 
A-6 Anode 
H-17 Anode 
A-8 Cath. 
H-17 Cath. 
A-8 Anode 
H-17 Cath. 
H-17 Anode 
H-16 Anode 
F-5 H-17 Cath. 
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Total 76 91 167 


* Sexes of litters 1-8 were not determined by blind test. Sexes of litters 9-18 were determined by blind test. 
Dissection analyses combined with blind tests were used for determining the sexes of litters 19-31. Power-supply 
failure — in runs producing litters 9, 10, and 11. Incorrect technique was suspected in production of litters 
21, 22, and 23. 

+ Actually « litter of 9, but one was so badly cannibalized that the sex could not be determined. 


TABLE 2 TABLE 3 
A 2 X 2 ConTINGENCY TABLE OF A 2 X 2 ContTINGENCY TABLE OF 
THE ToTaL DATA or Burnp-Test Data 
99 ad 9 9 ad 
Anode 62 25 Anode 50 22 
Cathode 29 51 Cathode 27 31 


migrating spermatozoa is compared with the sex ratio produced by cathode-migrat- 
ing spermatozoa. Table 2 presents the data in such fashion. The hypothesis that 
there is no relationship between the type of sperm inseminated and the sex of the 
offspring can now be tested. The x? is 20.62, with P < 0.001. This reflection of a 
highly significant difference in the two sex ratios is sufficient to reject the hypothesis 
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and, indeed, indicates that anode and cathode spermatozoa constitute two different 
populations. 

If the data from the blind tests are examined separately as shown in Table 3, 
a test of the same null hypothesis results in a x? of 7.06, with P = 0.008. Here again 
the hypothesis can be rejected. Due to the fact that the sex ratio deviated in the 
direction predicted from Shreder’s theory, we are dealing with a one-tail distribution, 
which permits the probabilities shown above in favor of a chance result to be halved. 

One can examine the data in terms of degree of successful predictions, which turns 
out to be 113 successes in 167 trials, or 67.7 per cent. This can be subcategorized 
into the number of successful predictions for males and females separately. There 
were 62 successes in 87 trials, or 71.3 per cent, for the females, and 51 successes in 
80 trials, or 63.7 per cent, for the males. In other words, the degrees of success for 
males and for females are fairly close, and they are both compatible with the total. 
However, if we look at the blind-test data, we find 81 suecesses in 130 trials, or 62.3 
per cent. The success for females is 69.4 per cent, but the success for males is only 
53.4 per cent. Thus, while the total blind-test results and the results of the females 
are fairly consistent with those of the complete data, the percentage of success in the 
males of the blind test is not significantly different from a 1:1 sex ratio. It can be 
seen that this difference is due to the fact that, among the 37 offspring not included 
in the blind test, there are 3 unisexual male litters. It should also be noted that with 
the exception of one litter consisting of only one offspring, all the unisexual litters 
were of the same sex as that predicted. From cathode sperm inseminations, 4 out 
of 14 litters were unisexual male litters, while from anode sperm inseminations, 3 
out of 17 litters were unisexual female litters. That these unisexual litters are in- 
consistent with those showing an approximate 1:1 sex ratio may indicate that when 
the process of electrophoretic separation works, it works well; when it does not work 
we get an approximate 1:1 ratio. 

Discussion.—While the results reported here indicate a sexual dimorphism, 
evidenced by a difference in electrophoretic migration, a number of questions are 
immediately raised. The principal question is: What causes the sperm to separate 
in an electric field? Shreder (1949) conducted experiments in which aqueous acid 
and alkaline extracts of spermatozoa were prepared. She studied the isoelectric 
points of the colloidal extracts of anode and cathode sperm. Her results show that 
alkaline anode sperm extracts have a different isoelectric point than corresponding 
cathode sperm extracts. Thus she accounts for the difference in movement in an 
electric field. _Machowa and Schegaloff® claim that, although sperm separate, the 
anode sperm migration is electrophoretic, but any cathode movement is strictly 
galvanotactic. Siljander? uses essentially the same argument. Pilz* was unable to 
get a separation and concludes that electrophoretic separation is highly unlikely. 
Kordts,* on the other hand, doing his work at the same time as Pilz, was able to get 
separation but could not substantiate Shreder’s success in predetermining the sex 
of offspring. 

The term ‘‘electrophoresis” has been used for the electric transport of solid par- 
ticles, liquid droplets, or gas bubbles dispersed in a liquid medium. In general, 
such dispersed matter is electrically charged by virtue of adsorbed ions, and the re- 
sulting electrical conductivity is superimposed on electrolytic conductivity, which is 
also present. The charge on the surface of proteins varies with the particular 
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protein and the number of free carboxyl and amine groups. This charge on proteins 
depends, of course, on whether the pH of the solution is higher or lower than the iso- 
electric point. In the former case, they are negatively charged and may be re- 
garded as negative ions; in the latter case, they are positively charged and may be 
regarded as positive ions. 

From the foregoing, Shreder’s ideas concerning the cause of separation have 
some logic. If one assumes that a population of X-bearing sperm has a distribution 
of isoelectric points with a mean lower than that of a population of Y-bearing sperm, 
then it can be seen that, if the solution is buffered at a pH intermediate to the modes 
of the two distributions, a separation could be expected to occur. However, if the 
two distributions overlap, then the overlapping area is going to lead to some error in 
separation, i.e., some sperm cells in that area will migrate in the ‘“‘wrong”’ direction. 
Another possibility exists which does not need this assumption of two overlapping 
populations. The data seem to indicate that the results are either excellent or not 
significant at all, which may mean that certain uncontrolled variables are in- 
fluencing the effectiveness of the electrophoretic separation. Whatever these vari- 
ables may be, they would have to be at least standardized in order to achieve con- 
sistent results. A new cell has been designed which not only will permit withdrawal 
of both anode- and cathode-migrating spermatozoa during the same run but will 
allow sampling the extremes of the two populations. Such a technical change 
should improve the positive results and, barring unforeseen complications, may 
obviate the need for seeking those variables giving rise to electrophoretic errors. 

Why should the X-bearing sperm have a different isoelectric point from the Y- 
bearing sperm? The principal possibility is that the two types of sperm may have 
two different surface proteins. Preliminary experiments have provided some 
evidence that the surface membranes have only one protein, but the methods em- 
ployed for isolation have been rather drastic, so that it is very possible that other 
proteins may have been destroyed or denatured. It is known that the internal 
contents of the two types differ, if only in that one has an X-chromosome while the 
other has a Y-chromosome. Some evidence, obtained in this laboratory from elec- 
trophoresis of homogenized separated sperm, indicates that protein differences 
exist between anode- and cathode-migrating spermatozoa. This difference in pro- 
tein content could easily account for the migratory differences observed. This 
brings us to another question concerning the reason for an intermediate point lying 
as high in the pH range as 7.1. It is, of course, entirely possible that the migration 
differences found are a reflection not of proteins but of some other substances. 
On the other hand, it seems that protein surfaces are complex enough so that some 
behavior cannot be explained with the present knowledge of surface chemistry. 

A further complication is the fact that, in an electric field, the spermatozoa mi- 
grate tail foremost. Consideration of the influence of shape and orientation makes 
it reasonable to assume, as do Mudd et al., that this orientation phenomenon is due 
to a greater value of electrokinetic (zeta) potential on the surface of the tails than 
on the heads of the spermatozoa. In support of this point of view is the fact that 
the head and the tail differ in bulk chemical composition, although this does not 
necessarily indicate an important difference in surface chemistry (Marshall’®) 
When one considers only the geometry of a sperm cell, however, it appears reason- 
»ble that if the charge were the same over the entire surface of the cell, then the 
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density of the charge per unit volume would be greatest in the tail region. Thus 
migration is tail first. The answer may not be this simple, but this reasoning de- 


serves consideration. 

Of no less importance is the fact that there is no rigorous proof that we are dealing 
with electrophoretic separation due to surface charges. Shreder (1941) noted a 
temperature effect on the direction of migration. At higher temperatures the 
migration directions reversed. While this effect was not observed in this work, no 
attempt has yet been made to check it thoroughly. The temperature phenomenon 
may be an indication that we are, in fact, dealing with charges on materials other 
than surface proteins. At higher temperatures, the surface membranes, normally 
acting as electrical insulators, may lose this property and then act as conductors, so 
that internal particles having charges may be responsible for migration. 

In the comparison of the sex ratio produced by anode spermatozoa with that pro- 
duced by cathode spermatozoa, one is aware of two facts: The first is that the x? 
is different in the non-blind-test group from that in the blind-test group; the second 
is that there is some trend, as the data were accumulated, of the results becoming 
poorer. Both of these observations could be due to an unfortunate grouping of poor 
electrophoretic runs. The significance of the work reported here will have to be 
judged on the basis of the data presented. It appears that the results and analyses 
have in some measure confirmed the belief that the control of the sex ratio is a real 
possibility. A final establishment of this work depends, of course, on continued 
investigations. It is felt that such future investigations with improved equipment 
and techniques will clarify the mechanisms involved in the processes observed. 
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EXTRANUCLEAR TRANSMISSION IN YEAST HETEROKARYONS* 
By Ropert E. Wricut aNnp JosHuA LEDERBERGT 
DEPARTMENT OF GENETICS, UNIVERSITY OF WISCONSIN, MADISON, WISCONSIN 
Communicated August 15, 1957 


Fowell! has given preliminary evidence for transient heterokaryosis, incidental 
to zygote formation, in a strain of Saccharomyces cerevisiae var. ellipsoideus. This 
paper constitutes (1) a verification of Fowell’s scheme and (2) its application to the 
demonstration of cytoplasmic transfer of factors associated with respiratory de- 
ficiency.” 

Stocks.—The cultures WY42 (a) and WY44 (a) were kindly supplied by R. R. 
Fowell as HMh* and HQ10c~, respectively. They grew dispersely, would not 
sporulate, and mated prolifically. Two auxotrophic mutants, WY91 and WY92, 
were obtained from 10* colonies of WY42 screened by replica plating after ultra- 
violet irradiation. 

WY91 showed normal respiration (R*) and had an absolute requirement for 
arginine and a partial requirement for leucine. Petite (R~) derivatives, 91-LP1 to 
LP9 (a Arg-R~-), were obtained by acriflavine treatment.? 

WY92 required lysine and was also R~, as are many of the survivors after ultra- 
violet irradiation.* 

WY115 was obtained from 10‘ colonies of WY44 by similar methods. It re- 
sponded to the thiazole component of vitamin B,; and was R~. An aThz~R* 
segregant, WY110, was obtained from a hybrid of WY115 and WY42. 

An actidione-resistant mutant of WY110, 110-Ac3 (aThz-Ac’R*), was selected 
on complete medium‘ containing 10 mg. actidione per liter. 

Ascus analysis of hybrids of WY92 and WY44 (H1, 2, 3) indicated that the 
former was a segregational petite® (i.e., non-cytoplasmic) and was therefore unsuit- 
able for the projected experiments. 3:1 and 4:0 segregations for lysine were ob- 
tained. Non-mating, directly sporulating spore clones were recovered from these 
hybrids and from a hybrid of WY91 and 110-Ac3 (H4). Thirty asci from H4 were 
dissected, but only 26 spores from 18 asci were recovered. The only tetrad com- 
pletely recovered produced three prototrophic clones and one clone which required 
both arginine and thiazole. 

X-ray survival tests on WY42 and a hybrid (WY91 XK WY44) indicated that 
both of the parental stocks were already diploid. Presumably they were homozy- 
gous for mating type. 

All the spores recovered from H4 showed some recombination of the parental 
markers, which are therefore not closely linked. H4 was actidione-resistant, though 
less so than 110-Ac3, and the segregants showed a range of levels of actidione resist- 
ance. 


EXPERIMENTAL DESIGN AND PROCEDURE 


According to Fowell’s observations, many buds from mating pairs should have 
parental combinations of genes. In addition, because of the possibility of cyto- 
plasmic mixing in a fusion figure, some buds from R~ XK R* mating pairs should 
receive R+ cytoplasm with the gene combination of the R~ parent. Their mani- 
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festation of the R+ phenotype would indicate extranuclear transmission of the nor- 
mal respiratory factor. Conversely, extranuclear transmission of the suppressive 
factor’ would be indicated by the isolation of R~ buds containing the other markers 
of the R* parent. 

R~ X R~ and R+ X R* crosses were examined in control experiments. 

In the experiments to be reported, mass-mating mixtures were incubated for 
4-8 hours before the isolation of mating pairs was begun.* An earlier series of ex- 
periments, in which 72 pairs were isolated 11-24 hours after setting up the mating 
mixtures, had not given any evidence of cytoplasmic transfer. 

Each mating pair was incubated until it had formed a progeny of 20-100 cells, 
which was then spread on a plate of complete medium. This was replica-plated 
to minimal® and complete media to detect auxotrophs among the progeny. Any 
auxotrophs were characterized for growth requirements by replica plating to a series 
of appropriately supplemented plates of minimal medium. Respiratory status 
was usually determined in tubes of acetate broth," but in control experiments a 
plate of acetate medium was included in the series of replica plates. 

Sometimes buds were removed from the isolated mating pairs and cultured sepa- 
rately for characterization of growth requirements and respiratory status. 

Samples of auxotrophs from each plate were tested for mating type. Actidione 
resistance was tested in crosses involving 110-Ac3 or its R~ derivatives. 


ORIGIN OF THE PARENTAL-TYPE BUDS FROM MATING PAIRS 


The crosses involved WY91 or its R~ derivatives (a Arg~) and WY110 or its 
actidione-resistant or petite derivatives (aThz~Ac’ or Ac‘). Auxotrophs were 
found in the progeny of 91 out of 530 mating pairs which did not have buds present 
at the time of isolation or were stripped of existing buds. Thirty-three of these 
pairs yielded both types of auxotrophic progeny, and 58 gave one or the other type. 
The remaining 439 pairs gave exclusively prototrophic (hybrid) progeny. Proto- 
trophic progeny were also present on most of the plates containing auxotrophs. 

In 90 of the 91 sets of auxotrophic progeny, no recombination of the parental 
markers was observed. The remaining set, produced by a pair from the mating 
WY9I1 X 110-Ac3, contained Thz~ progeny, which, unlike the parental cultures, 
would not mate with either WY42 or WY44 and could be induced to sporulate, 
although poorly. They also showed an intermediate level of actidione resistance 
which, together with the weak sporulation, suggests that these auxotrophs were 
aneuploid hybrids. At best, this is a dubious case of recombination. 

Therefore, it can be concluded that the auxotrophs carry nuclei assorted from 
heterokaryons without intervening fusion, which would afford an opportunity for 
genic recombination. Thus any changes in respiratory status depend on extranu- 
clear transmission or on mutation of nuclear or cytoplasmic determinants of respi- 
ration. 


EXTRANUCLEAR TRANSMISSION 


R~ X R* matings.—The suppressiveness of three of the 91-LP series of petites 
was determined.’ An R* histidine-requiring culture,!! WY121, was used as the 
screening parent. 91-LP9 (adArg-R~) was found to be 76 per cent suppressive and 
was used in a series of crosses with WY110 (aThz-R*). The results of these and 
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all subsequent experiments are given in Table 1. One case of a change from 
aArg-R~ to aArg-~R* was found among seven sets of progeny containing Arg~ 
auxotrophs. In the same experiments, three of eight pairs which yielded Thz- 
progeny gave some aT'hz~R-. 


TABLE 1 


REsuLts oF EXPERIMENTS WITH MATING Pairs ISOLATED AFTER 4-8 Hours 
INCUBATION OF MATING MIxTURES 


NUMBER OF 

Pairs GIviIne 

AUXOTROPHS 

NUMBER NUMBER OF Pairs or CHANGED 

oF Giving AUXOTROPHIC RESPIRATORY 

Parrs PROGENY Stratus 
Iso- Both Parent Parent 
Type or ExPERIMENT LATED Arg Thz Types a a 


+ 


7 ak 
91-LP9* K WY110 


(a@Arg~R~ X a Thz~R*) 71 
91-LP3t or 5t X WYI10 or 110-Ac3 
(aArg-R~ X a Thz~(Ac’)R*) 
91-LP3 or 5 X 110-P3, 4, or 5 
(aArg-R~ X aThz-R-) 
Rt+ x Rt 


WY91 X WY110 or 110-Ac3 
(aArg-R* X aThz~(Ac")R*) 
* 76 per cent suppressive. 


+ 27 per cent suppressive. 
t 4 per cent suppressive. 


The next series of tests involved crosses of 91-LP3 (27 per cent suppressive) or 
91-LP5 (4 per cent suppressive) with WY110 or 110-Ac3. Twelve pairs yielded 
Arg~ progeny, and 4 of these pairs gave some a Arg-R* types, while only 3 of 23 
pairs which gave Thz~ progeny showed a change from R+ to R~-. 

Thus the number and direction of the changes observed showed the expected 
correlation with the suppressiveness of the R~ parent. 

R- X R- Control Matings.—The occurrence of the mutation from R~ to R+ has 
never been definitely established, and the R~ X R>- crosses so far reported have 
given exclusively R~ progeny, unless one of the petites was segregational. However, 
a series of a Arg~R~ X aThz~R~ crosses (91-LP3 or 5 X 110-P3, 4- or 5-acriflavine 
R- cultures from WY110) was made as a control for the changes from a Arg-~R- 
to a Arg-R* which were observed in the R~ X R* crosses. 

The progeny plates contained exclusively small-colony types, and these were all 
found to be R~ on examination of the acetate replica plates. Seven pairs gave 
a Agr-R~- progeny, 8 gave a7hz~R~, and 11 gave a mixture of these two types of 
auxotrophs. Thus 18 pairs gave a Arg-R~, and none gave a Arg~R*, in compari- 
son with the test series, where 5 of 19 pairs which yielded Arg~ progeny gave some 
a Arg-R*. 

R+ X Rt Control Matings—Mutation from R*+ to R~ is quite common during 
vegetative growth. Ephrussi et al.'? calculated that the mutation rate is2 K 10-* 
per cell generation. R+ X R* crosses were carried out to determine whether the 
R~- parent (in R~ X R* matings) had contributed to the observed frequency of 
changes from R+ to R~ in thiazole auxotrophs. 

Auxotrophic progeny were obtained from 33 of 135 pairs isolated from matings 
of WY91 and WY110 or 110-Ac3. All these were R+. One mating pair, which 
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gave exclusively prototrophic progeny, contained 3 R~ among 100 R* colonies. A 
bud removed from this pair also gave rise to an R~ clone. 

Seven pairs gave a Arg-R+ progeny, 12 gave a Thz~R*, and 14 gave a mixture 
of the two types of auxotrophs. With the exception noted above, all the proto- 
trophic progeny were also R+. Thus 26 pairs gave aThz~R+ progeny, and none 
gave aThz~R~-, in comparison with the test series, where 6 of 31 pairs which yielded 
aThz~ progeny gave some al’‘hz~R~. Exact treatment'* of the 2 X 2 tables, 
18/0:14/5 for Arg~ progeny and 26/0:25/6 for Thz~ progeny, gives p = 0.03 and 
0.02 that the observed changes in respiration are the same for R~ X R* versus 
R~ X R~ and for R~ XK R*+ versus R* XK R* crosses, respectively. 

If mutation is independent of the other parent in the mating, it cannot account 
for the observed ahanges. The changes from R~ to R* and from R+ to R~ are 
therefore probably caused by cytoplasmic transmission of the factors responsible for 
normal respiration and the suppression of normal respiration in accord with the con- 
clusions of Ephrussi et al. 7 

The interested reader is referred to Wright'* for technical details and a discussion 
of remaining problems concerning these factors. 

SUMMARY 

l’owell’s interpretation that parental-type buds from mating pairs in a strain of 
S. cerevisiae var. ellipsoideus arise from transient heterokaryons has been con- 
firmed. In a series of experiments with doubly and triply marked stocks, carrying 
markers which were not closely linked, no unequivocal case of recombination was 
found. 


Progeny of isolated heterokaryons include clones of the parental genotype which 
show a change in respiratory phenotype. The latter therefore appears to be sub- 
ject to extranuclear transmission, in accord with the conclusion of Ephrussi et al. 


* Paper No. 669. This work has been supported by grants from the National Cancer Institute 
(C-2157), Public Health Service, and from the Graduate School, University of Wisconsin, with 
funds allocated by the Wisconsin Alumni Research Foundation. 

+ We are indebted to Drs. H. Roman, C. Raut, and B. Ephrussi for the provision of cultures 
related to this investigation, and to Dr. C. C. Lindegren for kindly bringing Fowell’s paper to 
our attention. 
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A SEMIGRAPHICAL METHOD FOR THE ANALYSIS OF 
COMPLEX PROBLEMS 


By EpGar ANDERSON* 


HENRY SHAW SCHOOL OF BOTANY, WASHINGTON UNIVERSITY, AND MISSOURI BOTANICAL GARDEN, 
ST. LOUIS, MISSOURI 


Communicated, August 26, 1957 


Science and technology have many problems difficult to record, measure, or 
analyze because many variables or complexes of variables have an important bear- 
ing on the end result. It is difficult to measure and to get in mind the various inter- 
relationships of several sets of facts for each of a considerable number of individuals. 
This is particularly true when some or all of the basic data are complex patterns, 
difficult or impossible to code in numbers. Such a problem is the relation (As/Az) 
between species differences and individual differences between plants or animals 
from which they were ultimately derived. ' 

After various attempts to estimate the relation (As/ Az) efficiently, a simple semi- 
graphical method was gradually evolved. It is now being used on data from various 
groups of organisms in the analysis of variation in natural populations. With the 
encouragement of several mathematicians, particularly E. B. Wilson and J. W. 
Tukey, I have recently been exploring its general applicability. On a trial basis it 
has given promising results with data from physiology, morphology, psychology, 
and linguistics. 

It is planned ultimately to illustrate the method with a series of joint papers, 
showing its applications to various fields. In the meantime (since only its special- 
ized use in analyzing population variation has been published) a short, generalized 
account seems desirable. 

The method had its inception in an attempt to measure variation in and between 
maize fields in Mexico.2 Two easily measured features of the maize ear—row 
number and kernel width—were plotted on the X- and Y-axes of a Cartesian grid. 
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The individual dots of the resulting scatter diagram were replaced by precise but 
semipictorial glyphs recording kernel shape and kernel texture. In analyzing 
variation in natural populations, these more or less pictorialized glyphs were re- 
placed by generalized glyphs,* on each of which the variation of seven or more 
variables could be recorded. Subsequently’ ‘ these glyphs were modified to permit 
more efficient scanning of the “pictorialized scatter diagrams” in which they were 
used. It has since been realized that the glyphs (used quite apart from the scatter 
diagrams) can be arranged according to sequences in time, space, or development. 
They can be averaged or transferred from a scatter diagram to a map by making 
appropriate modifications. It seems likely that, with their continued employment 
in logical operations, various other uses for them may be found. It therefore be- 
comes convenient to have a generalized name for the glyphs apart from their use in 
pictorialized scatter diagrams, and they are accordingly named metroglyphs. 

The use of metroglyphs is illustrated in a simple generalized way in Figure 1. 
Given (upper left) four individuals—1/, 2, 3, and 4—each of which has been measured 
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(or ranked in one of three grades) for each of five qualities—A, B, C, D, and E. 
The key for coding this problem is shown in Figure 1, upper right, and the resulting 
metroglyphs for the four individuals are shown at right center. Each of the quali- 
ties is diagramed by a ray, the rays for any one quality having the same position on 
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each glyph. For each quality a long ray indicates that the individual is high for 
that quality, a short ray that it has a medium value; no ray at that position indi- 
cates that the individual in question has a low value. In other words, each glyph 
in this problem, whatever the number of its rays, is diagraming five facts; a glyph 
with no rays indicates low values for all five variables. It is for this reason that 
the rays are placed at easily visualized and remembered points. There are three 
rays from the upper pole of the glyph, two others at its equator to right and left. 
It is then easy to train one’s self to see the glyph as a whole and to take in all the 
information from it. The operator’s eyes look at the glyph of number /, and al- 
most immediately his mind interprets it as low A, medium B, high C, low D, low E. 
He will also see, almost at a flash, that the total magnitude of the glyph, consider- 
ing all five qualities at once and giving them equal weight, is about one-third of the 
way from the minimum total (low A, low B, low C, low D, low E) to the maximum 
total value (high A, high B, high C, high D, high £). 

By assigning values of 2 for each long ray and a value of | for each short ray, it is 
possible to assign scores to each glyph and to arrange them as a frequency diagram 
of an index (Fig. 1, lower right). The minimum total value per glyph (a glyph with 
no rays) is 0; the maximum total value (a glyph with five long rays) is 10. If 
there are logical or practical reasons for so doing, the index may be weighted, assign- 
ing different values to different rays. 

In working with these glyphs, it has gradually been realized that they are a de- 
vice for helping the eye to aid the mind. For maximum efficiency it is best to 
make some concessions to the eye. The mind can be trained to adjust itself more 
readily than can the eye. For instance, the medium values were originally scored 
with a ray which was made exactly half as long as the ray for the high values. It 
was learned from experience that the eye could do a better job, particularly in 
problems involving large numbers of glyphs, if, in scanning the diagram, it never 
had to stop to decide whether a ray was medium or long. Therefore, it is better to 
have the long rays at the very least almost three times the length of the short ones. 
For the same reason, in all problems involving much scanning, it is better to code 
the data so simply that the eye can be trained to take in each glyph almost instan- 
taneously. Four examples of this principle will be discussed in order—quartiles, 
number of rays, ray positions, accessory data, glyph variations. 

Quartiles.—Since the analysis of variability by medians and quartiles is a well- 
established technique, it was originally attempted to set the rays for such analysis, 
coding them as follows: no ray, values below lower quartile; very short ray, values 
between the lower and the medium quartile; medium-short ray, values between the 
medium and the upper quartile; long ray, values above upper quartile. It was 
found that, with any considerable number of glyphs, even a trained eye could not 
analyze the interaction of variables with this system as well as with the simpler one 
outlined above (but see below under “Glyph Variations’’). 

Number of Rays.—Though, theoretically, there might be a very large number of 
rays, the eye works most efficiently with no more than three to seven, depending on 
the eye. If the problem has many important variables, it is better to take the four 
or five which are most closely correlated and turn them into an index, as described 
above. This index can then be coded on a ray in position C or it may be used on 
the X- or Y-axis of a pictorialized scatter diagram. 
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Ray Positions.—Originally, rays were used around all sides of each glyph. This 
confuses the eye. By slanting them all in approximately the same direction, it is 
possible to scan large complicated diagrams more efficiently. By using these 
standardized positions in problem after problem, there is considerable carry-over 
from one problem to another. The data can be interpreted more efficiently by an 
experienced analyzer if he is using the standard with which his eyes are already 
familiar. 

Accessory Data.—Many biologists, when first using this method, are apt to put 
on various kinds of accessory data as little projections of one shape or another. 
These all hinder the eye enough to reduce efficiency. If there are two kinds of in- 
dividuals which one wishes to distinguish, one kind may be given a white dot and 
the other one a black dot. Other accessory information which one wishes to try 
out in one way and another is best managed by tiny pencil-point dots placed im- 
mediately to the left or the right of the base of each glyph. They will scarcely in- 
terfere with the scanning, and their association with the other variables can be 
worked out by the eye. 

Glyph Variations.—In so far as possible, it is better to vary the glyph from prob- 
lem to problem by adapting the coding to the problem as much as possible and to 
change the glyph system as little as possible (see remarks under ‘‘Ray Positions’’). 
For instance, if quartile data need to be worked with, one can diagram three vari- 
ables in quartiles—one variable at the left equatorial position, one at the right, 
and one at the upper pole. For each variable, one uses two rays. At the pole one 
uses positions B and D, omitting C. At the equatorial positions one uses A and FE 
and adds at each a twin horizontal ray originating at the equator. For each 
variable the four quarters of the data are diagramed as follows: no ray, one short 
ray, two short rays, two long rays. It has been found that to the eye the jump 
from no ray to one short ray is about as significant as that from two short rays to 
two long rays. 

If one needs to diagram certain variables in more than three or four categories, 
he can use even more rays. <A simple example is shown in Figure 2, where two vari- 
ables are coded in values from 1 to 10 each—one variable on rays slanting to the 
right, the other on rays slanting to the left. 


A oonvnvroddsdsbsbs»d 
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Fic. 2.—Top: variables A and B are coded in values from 1 to 10 each. Lower left: the scorinr 
of five individuals with respect to A and B. Lower right: the corresponding metroglyphs fog 
each of the five individuals. 
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For problems in which the glyphs are merely employed in serial order, it is not 
so important to keep the rays down to two lengths. They may then be diagramed 
proportionate to the ranging of each variable or to the actual measured values. 

When going back and forth from glyphs used in serial order or on a map to 
glyphs used on a Cartesian grid, two rays may be qualities diagramed on X- and 
Y-axes, or measures on X- and Y-axes may be replaced by rays of appropriate 
lengths. In Figure 1 at the lower left, individuals 7, 2, 3, and 4 are transferred to a 
Cartesian grid. Qualities A and FE (each measured on a scale of 1-10, using the 
original values given in parentheses in the upper-left-hand corner of Fig. 1), are em- 
ployed to locate each glyph on the scatter diagram. It will be seen that these 
glyphs are the same as those in the figure to the right, except that the ray at posi- 
tion A has been replaced by the position of the entire glyph en the Y-axis, while the 
ray at position F has been replaced by the position of the glyph on the X-axis. It 
will be noted that, as far as one can judge from four individuals, variables B and C 
are associated with each other, as are B and D; that B, C, and D, separately and in 
combination, are associated strongly with variable A and slightly with variable EZ. 

In attempting to work out complexes of related qualities, the analysis is facili- 
tated if the ray lengths are coded in such a way that all the extreme values charac- 
teristic of one complex are assigned long rays and those characteristic of the other 
are assigned no rays. For example, in studying hybridization between two sub- 
species of Campsis, one of the subspecies had a short tube, a wide limb, and much 
red in the flower; the other had a long tube, a small limb, and little red. Redness 
and limb width were coded with long rays for much red and for wide limbs, tube 
length was coded in reverse with a long ray for short tubes. This meant that those 
hybrids closely resembling one parent were coded as three long rays and those most 
closely resembling the other parent as a rayless dot. 


*T am indebted to the Guggenheim Foundation and to Princeton University for fellowships 
which made it possible to explore the possibilities. 

1 E. Anderson, Biol. Revs., 28, 283-289, 1953. 

2. Anderson, Ann. Missouri Botan. Garden, 33, 175, 1946. 

3. Anderson, Introgressive Hybridization (New York: John Wiley & Sons, 1949), pp. 94-99, 
109. 

4. Anderson, ‘Efficient and Inefficient Methods of Measuring Specific Differences,” in Statis- 
tics and Mathematics in Biology, ed. O. Kempthorne (Ames, Iowa: Iowa State College Press 
1954), Chap. VI, pp. 98-101. 


TERMINAL CONTROL, TIME LAGS, AND DYNAMIC PROGRAMMING 
By RicHarp BELLMAN 
RAND CORPORATION, SANTA MONICA, CALIFORNIA 


Communicated by Philip M. Morse, August 30, 1957 


1. Introduction.—A type of control process that is common to economic and 
engineering fields is that of maximizing a functional of the form 


J(v) = fi? h(x)dG(t) + SZ" k(v)dt, (1.1) 


over all vector functions v(t) satisfying constraints of the form 
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Ria, v) <0, i hile (1.2) 


where x(t) is an n-dimensional vector function determined by the differential 
equation 
dx 
= g(,»), 20) =. (1.3) 
dt 
If G(t) is a step function with a jump at 7’, we have what is often called a terminal 
control process. 
Using the functional-equation approach of dynamic programming,' we write 


f(c, T) = Min J(v), (1.4) 


and derive a functional equation for f(c, 7) having the form 


fic, T) = Min [fle + sg(e, v(0)), T — s]] + o(s). (1.5) 
v(0) 
This may be used either in discrete form for computational purposes or in the 
limiting continuous version for analytic and computational purposes The vector 
v(0) satisfies the constraints R;[{c, v(0)] < 0, derived from relation (1.2); see 
Bellman? * for further discussion and applications. 

Owing to the limited capacity of present-day digital computers, we encounter 
grave computational difficulties when the dimension of x exceeds 2. In this note 
we wish to discuss terminal control problems for linear processes, where the equation 
corresponding to equation (1.3) is 


dx 
dt 


= Ar +», x(0) =e. (1.6) 


By means of a preliminary transformation, a number of important problems can 
be treated by means of the functional-equation approach of dynamic programming 
in terms of functions of many fewer dimensions. In particular, we shall be able 
to treat control problems involving time lags where the underlying equations are 
differential-difference equations of the form 
du 
i = au(t) + bu(t — 1) + v(0), i> & 
¢ 
(1.7) 
u(t) = c(t), Ot 4, 


Problems of the type we shall treat arise in the study of ‘‘bottleneck” processes 
in mathematical economics, in the ‘‘bang-bang” control problem of electronics, 
and in prediction theory. We shall discuss the stochastic version of these problems 
in a subsequent paper. 

2. Terminal Control of Linear Systems.—In order to illustrate the reduction 
in dimensionality that can be effected by the techniques we shall employ, let us 
consider the following problem: ‘Minimize |u(T)| over all functions satisfying 
the constraints 


lo)}| <h, O<t<ST, LT v*%(t)dt < ky, (2.1) 
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where wu and v are connected by means of the linear equation 
u” + au’ + bu = », u(0) = «a, u’(O) = es. (2.2) 


Although many problems of this type can be resolved explicitly,* the solutions are 
not simple. Furthermore, slight changes in the constraints can lead to failure of 
the analytic techniques. 

Using the Lagrange multiplier technique described by Bellman,® we can reduce 
the computational problem to one involving sequences of two variables by con- 
sidering the new functional 


the). = | u(t) | a fi’ vdt, (2.3) 


and employing the functional-equation technique as outlined above. 

Let us now show that we can reduce the computation to one involving sequences 
of functions of one variable. As we know, the solution of equation (2.2) may be 
written in the form 


U = C(t) + cotie(t) +  %! k(t — s)v(s)ds, (2.4) 


where wu; and u; are particular solutions of the homogeneous equation and k(t) is 
a known function of ¢t. The problem posed above is thus equivalent to that of 
minimizing 


J(v) = la a <7 k(T - s)v(s)ds| + AS,’ v°dt, (2.5) 


where a is a fixed constant. Introduce the function of a and T defined by 


f(a, T) = Min J(v), (2.6) 


U 


where | v(t) | ehh: Sb Sek 
Assume that v has been chosen over some initial infinitesimal interval [0, A]. 
Then 
f(a, T) = la + fo k(T — s)v(s)ds + Sv k(T - s)v(s)ds| 
+r," v'dt + fi v'dt = |a + k(T)v(0)A 
+ f.’-*k(T — A — s)v(s + A)ds| + AAv(0)? 
a re «eres v?(s + A)ds + ofA). 


(2.7) 


Using the principle of optimality, we see that this equation is equivalent to 


f(a, T) = Min [AAv(0)? + f(a + kTv(0)A,T — A)] + ofA), (2.8) 
v(0) 
where | »(0)| ae Ry: 

The computational and analytic effort thus involves a sequence of functions of 
one variable. This dimensionality would be maintained even if u satisfied a linear 
equation of arbitrary degree. The principal of superposition plays an essential 
role here. 

3. Terminal Control and Retardation.—Since the solution of equation (1.7) and 
of linear equations of this general class can be written in the form 


u(t) = w(t) + fi k(t — s)v(s)ds, ti (3.1) 
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where w(t) and i(t) are known functions,® terminal control problems involving 
linear systems with retardation can be treated in precisely the same fashion. 

If, in place of an expression such as | u(7')|, we wish to minimize an expression 
of the form g|u(7), u’(T) |, we will require sequences of functions of two variables. 

4. Discussion.—Generally, if x(t) is governed by a linear equation of the form 
given in (1.6), a direct application of the functional-equation technique will lead 
to functions f(c, 7) of dimension N. If the objective is to minimize a function, 
glai(T), x(T), ..., x,(T)], of the first k components of 2(7’), the method sketched 
above will lead to functions of k variables. In a number of applications in the 
economic and engineering field, we wish to control the final states of only one or 
two significant quantities. The method outlined above furnishes a computational 
solution to problems of this type. 

1 R. Bellman, Dynamic Programming (Princeton: Princeton University Press, 1957). 

?R. Bellman, “On the Application of Dynamic Programming to Variational Problems in 
Mathematical Economies,’’ Proceedings of a Symposium on the Calculus of Variations and A pplica- 
tions, 1955 (New York: American Mathematical Society, 1957). 

3R. Bellman, ‘“‘Dynamic Programming and Control Processes,’’ Proceedings of a Symposium 
on Nonlinear Circuit Analysis, Vol. 6 (New York: Brooklyn Polytechnic Institute, 1956). 

*R. Bellman, I. Glicksberg, and O. Gross, “‘On Some Variational Problems Occurring in the 
Theory of Dynamic Programming,’’ Rend. Palermo, Ser. Il, 3, 1-35, 1954. 

5R. Bellman, “Dynamic Programming and Lagrange Multipliers,’’ these PRocEEDINGSs, 42, 
767-769, 1956. 

®R. Bellman, A Surveu of the Mathematical Theory of Time-Lag, Retarded Control, and Hereditary 
Processes, with the assistance of J. M. Danskin (RAND R-271 [1955]). 


RANDOM WALK, SCATTERING, AND INVARIANT IMBEDDING 
I. ONE-DIMENSIONAL DISCRETE CASE 


RicHARD BELLMAN AND RoBERT KALABA 
THE RAND CORPORATION, SANTA MONICA, CALIFORNIA 
Communicated by S. Chandrasekhar, August, 1957 


1. Introduction.—It is well known that a large variety of important physical 
processes can be formulated in terms of random walk (cf. Chandrasekhar'). In 
particular, multiple scattering may be discussed in these terms (cf. Wigner’). 

In a sequence of papers,*~* we have introduced and presented applications of a 
general principle of invariance which we have called the “principle of invariant im- 
bedding.”’ This is a simultaneous distillation and extension of the various invari- 
ance principles used by Chandrasekhar in his book,’ where references to earlier 
uses by Ambarzumian are given. In this paper we wish to present some further 
applications of this fundamental approach, turning our attention now to the fields 
of random-walk processes and scattering. 

In order to illustrate the underlying ideas as clearly as possible, unhampered by 
purely technical detail, we shall consider two one-dimensional discrete processes. 
In subsequent papers we shall apply the same methodology to corresponding prob- 
lems for multidimensional regions and to continuous versions. Since continuous 
versions of random-walk processes lead to the heat equation and the potential 
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equation, we are led via this route to a new analytic treatment of these classical 
equations. 

Finally, let us note that, as in Chandrasekhar’s work on radiative transfer,’ these 
principles of invariance give rise to new methods of computational solution. 

2. Inhomogeneous Random Walk with Two Absorbing Barriers.—Consider a 
stochastic process in which a moving particle can occupy any one of the lattice 
points on the line segment [a, b] (see Fig.1),k = a+1,a+2,...,b—1. If the 
particle is at k at any time ¢, with probability p(k) it will be at k — 1 at time? + 1, 
and with probability 9(k) it will be at k + 1 at time f + 1. 


| ey 
Si» 





b 


i 
ys 
k 
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We wish to determine the probability that a particle starting at a point x at 
t = 0 will land at the point a before landing atb. This is an inhomogeneous version 
of the “gambler’s ruin” problem. 

The classical treatment of problems of this nature (cf. Chandrasekhar! and 
Uspensky*) regards a and b as fixed quantities and x as a variable quantity. The 
problems are then resolved by means of recurrence relations involving a function 
u(k). Another approach to questions of this type, also keeping a and b fixed, is 
due to Wald,° using his “fundamental lemma.’ Problems of this nature arise fre- 
quently in the theory of sequential analysis. 

Here we wish to present an alternative treatment which regards x and b as fixed 
and aas variable. It will be based upon the invariance principles mentioned in the 
foregoing section. 

3. Invariant Imbedding.—It is clear that the probability we wish to determine 
depends upon a, b, and x. Keeping b fixed, we introduce the function f(a; x), de- 
fined for a < x < b, as the required probability that a particle starting at x lands at 
a before landing at b. 

In order to obtain the functional dependence upon a, we make the observation 
that the only way in which the particle can arrive at a before arriving at 6 is for it 
to land at a + 1 before landing at b and then, starting from a + 1, to proceed to a 
before ever landing at b. 

The mathematical translation of this logical decomposition is the functional 
equation 


f(a; x) = f(a + 1; x)f(a; a + 1). (3.1) 
4. Analytic Solution —From (3.1) we obtain the equation 
f(a;a +2) = f(a + 1; a + 2)f(a; a+ 1). (4.1) 
Combining this with the relation 
fia;a+1) = p(at+ 1) + qa + If(a; a + 2), (4.2) 


we obtain the recurrence relation 





MATHEMATICS: BELLMAN AND KALABA Proc. N, A. 8. 


eee 
1 — g(a + lju(a + 1), 
where u(a) = f(a; a + 1), valid for a = b — 3, b — 4, ....It is easily seen that 
u(b — 2) = p(b — 1). Thus the sequence {u(a) } is determined. 

Returning to equation (3.1), we see that 


u(a) = (4.3) 


sl 
f(a; x) = TL uk). (4.4) 
k 


=a 
5. Inhomogeneous Random Walk; Semi-infinite Interval—As our second ex- 
ample, consider the process described above in, the case where b = ©. We now 
wish to determine the expected value of the tirae spent by a particle starting at x 
at time zero in reaching the point a. 
Let f(a; x) denote the expected time. Then, as in Section 3, we obtain the 
functional relation 
f(a; x) = f(a + 1; x) + f(a; a + 1). (5.1) 


To obtain an analytic expression for f(a; a + 1), we combine the two expressions 


fiaja+1) = pat 1) + ga + I[f(a; a + 2) + 1), 
fla;sa +2) = f(a+1;a+ 2) + f(a;a+t 1), 
and derive the relation 
| q(a + 1) 
p(a + 1) pla + 1)° 
Iteration of this relation yields the infinite series 
P q(a + 1) 
p(a + 1) p(a + 2)p(a + 1) 
q(a + I)q(a + 2) 


pla + 3)p(a + 1)p(a + 2) Care 


f(ia;a+1) = fia+1;a+ 2). 


fiaja+1) = 
(5.4) 


In order for this expression to converge, there must be a “‘drift’’ to the left. The 
condition p(k) — q(k) > d > 0 is clearly sufficient for the convergence of series 
(5.4), but clearly much weaker conditions will suffice. 

6. Characteristic Functions.—Following the operational principle that charac- 
teristic functions can be determined by the same techniques as those which furnish 
expected values, let us introduce the function 


g(a; x) = E(e™), (6.1) 
where z = 2(a; x) is the random variable equal to the time spent by the particle in 
going from x to a. 

Since z(a; x) = z(a + 1;x2) + 2(a; a + 1), we have the functional equation 
g(a; x) = g(a + 1; x)g(a; a + 1). (6.2) 


Furthermore, as above, the two equations 


g(a;a +1) = p(a + lje® + g(a + le“g(a; a + 2), 


g(a;a +2) = g(a + 1;a + 2)g(a; a + 1) (6.3) 
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vield the recurrence relation 


pla + Ie" 
1 — g(a + l)e*g(a + 1; a + 2) 


7. Discussion—The foregoing techniques can be extended to treat the case 
where there is a general distribution of jumps at each stage, and the case where we 
introduce time dependence by requiring the probability that the particle emerge at a 
on or before a given time 7’. These matters, as well as those mentioned in Section 
1, will be discussed in subsequent papers. 


gia;a+1) = (6.4) 


' S$. Chandrasekhar, “Stochastic Problems in Physics and Astronomy,’’ Revs. Mod. Phys., 15 
1-89, 1943. 

* EK. Wigner, “The Problem of Multiple Scattering,’ Phys. Rev., 94, 17-25, 1954. 

*R. Bellman and R. Kalaba, “On the Principle of Invariant Imbedding and Propagation 
through Inhomogeneous Media,”’ these PRocEEDINGS, 42, 629-632, 1956. 

*R. Bellman and R. Kalaba, “On the Principle of Invariant Imbedding and Diffuse Reflection 
from Cylindrical Regions,” these PrRocEEpINGs, 43, 514-517, 1957. 

5 R. Bellman, R. Kalaba, and G. M. Wing, “On the Principle of Invariant Imbedding and One- 
dimensional Neutron Multiplication,” these ProcrEepiNnGs, 43, 517-520, 1957. 

6 R. Bellman, R. Kalaba, and G. M. Wing, “On the Principle of Invariant Imbedding and Neu- 
tron Transport Theory. I. One-dimensional Case,” J. Math. and Mechanics (to appear). 

7$. Chandrasekhar, Radiative Transfer (Oxford: Clarendon Press, 1950). 

8 J. Uspensky, Introduction to Mathematical Probability (New York: McGraw-Hill Book Co., 
1937). 

® A. Wald, Statistical Decision Functions (New York, 1950). 


THE STABLE HOMOTOPY OF THE CLASSICAL GROUPS 
By Raovut Bort* 
INSTITUTE OF ADVANCED STUDY AND UNIVERSITY OF MICHIGAN 
Communicated by Norman E. Steinrod, August 2, 1957 


1. The compact classical groups! fall into three families: { O(n) }—the orthog- 
onal groups; {U(n)}—the unitary groups; and {Sp(n)}—the symplectic groups. 
One has standard inclusions: O(n) ¢ O(n + 1), so that the union of these groups 
is well defined. We denote it by O. Similarly, one defines the infinite groups U 
and SP. In each family x, becomes independent of n, for n sufficiently large. 
This stable value of x, is then clearly the kth homotopy of the corresponding in- 
finite group. : 

TuHeorEeM. The stable homotopy of the classical groups is periodic: 


m(U) = mt+2(U), (1.1) 
m,(O) m+4(SP), (1.2) 
m(SP) = mt+4(O) } Eg ei ty Rp eee 8 (1.3) 


Here, as throughout, 1 denotes the group of components. 

From (1.1) the period of x(U) is 0, Z. By computing the first four homotopy 
groups (starting with a) of O and SP, (1.2) and (1.3) give the periods of (OQ) 
and 2(SP) as Zs, Z2, 0, Z, 0,0, 0, Z, and 0, 0, 0, Z, Z2, Z2, 0, Z, respectively. 
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This theorem was suggested to me by the recent work of Borel-Hirzebruch? and 
the computations of Toda.’ Toda’s list goes up to m 3 and agrees with our theorem 
except in one instance. He gives mp of all the groups in question as Z;. However, 
this value of mo conflicted with new divisibility theorems of Borel-Hirzebruch. 

2. We prove our theorem by repeated applications of the Morse theory to the 
loop-space of symmetric spaces.* > The simplest case is (U). A slight deforma- 
tion of the arguments in Bott and Samelson® yields the following proposition: 

Let K be a compact Lie group, and let s be a geodesic segment on K, joining the 
identity e to a central point w of K. Let 2,K be the component of s in the space of 
loops on K based on e and w. We write K, for the centralizer of s, and K* for the 
space of left cosets K/K,. The formula x —~ xsx~', x e K clearly defines a map: 


f,: K* > OK. (2.1) 


Proposition |. Jf s contains no conjugate point of e in tts interior, then the induced 
homomorphism, 


f.*: H*(Q.K; Z) > H*(K:; Z) (2.2) 


is onto. 

The spaces K* and Q,K are simply connected, free of torsion, and their Betti 
numbers are known.‘ In a given instance, one can therefore determine up to what 
dimension f,* is bijective, and therefore also up to what dimension f, induces a 
homotopy equivalence. For example, if in U(2n), s is the geodesic segment con- 
sisting of the diagonal matrices with first n entries e”, and last n entries e~”, 0 < 
6 < x, our construction yields a map 


fe: U(2n)/U(n) X U(n) > 2,U(2n), (2.3) 


which induces an isomorphism in homotopy up to dimension 2n. Let Q-!U(n) 
be the universal base space of U(n). Then, as is well known, the Grassmanian 
U(2/n)U(n) X U(n) looks like Q-'U(n) up to dimension 2n. Hence in the limit 
2-'U and Q,U have equal homotopy, or, symbolically, 


QU = 0,U. (2.4) 


Clearly, (2.4) implies (1.1). 

3. Proposition I has the following generalization: 

Let K be the fixed point group of an involution of the compact Lie group G. Let 
s be a geodesic segment on the symmetric space G/K, joining the coset K to a coset 
w = gK, withg in the normalizer of K. The spaces K, and K* are defined as before 
while the formula z — zsz~! now defines a map f,: K* > Q, G/K. 

Proposit1on II. Proposition I holds in this new setting, with coefficients mod 2. 

Now consider the inclusions, 


O(n) X O(n) ¢ O(2n) ¢ U(2n) ¢ Sp(2n), 


and note that U(2n) is the centralizer of a geodesic s,, on Sp(2n); that, moreover, 
Sp(2n)/U(2n) is symmetric and O(2n) ¢ U(2n) is the centralizer of a geodesic s» 
on Sp(2n)/U(2n); ete. Using Propositions I and II (also some estimation to get 
rid of torsion other than 2-torsion), one obtains in the limit that 
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2, SP = SP/U, 
2,SP/U = U/O, 
2,U/O = 2-0. 


This proves (1.2). 
Finally, the inclusions: 


Sp(n) X Sp(n) ¢ Sp(2n) ¢ U(4n) ¢ SO(8n) 


(here SO(n) denotes the special orthogonal group) are used to show quite analo- 
gously that 


2,80 =Ss0/U, (3.4) 
0,,80/U = U/SP, (3.5) 
0,,U/SP = 2-'SP. (3.6) 


These relations establish (1.3). 


* The author holds a Sloan fellowship. 

1C. Chevalley, Theory of Lie Groups, Vol. 1 (Princeton, N. J.: Princeton University Press, 
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432, 1955. 

‘R. Bott, ‘An Application of the Morse Theory to the Topology of Lie Groups,’’ Bull. Soc. 
Math. France, 84, 251-81, 1956. 

5 R. Bott and H. Samelson, ‘Applications of the Morse Theory to Symmetric Spaces,’’ to 
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It was proved by Whitney! that, if V,,” is an n-differentiable manifold of dimen- 
sion m, if E denotes the algebra of real-valued n-differentiable functions on V,,” 
with the topology of uniform convergence of order n on every compact set, F is an 
ideal in E, and, for every x ¢ V»", I(x) is the ideal of all f e E having a contact of 
order n at x with the function 0, we have F = f\,[F + J(x)] if and only if F is 
closed. On the other hand, the Hahn-Banach theorem, in one of its geometrical 
forms, states that every proper closed vector subspace of a real locally convex 
topological vector space E equals the intersection of the closed vector subspaces of 
codimension | containing the given one. Motivated by this fact, we want to show 
that in the background of Whitney’s theorem—and possibly of a number of known 
approximation theorems—there is a good notion of local convexity responsible for 
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its correctness. In this note we shall indicate a theorem along these lines which is 
a common generalization of the Whitney and Hahn-Banach theorems. 

Let E be a real topological vector space. If 8 is a collection of vector subspaces 
of E, a subset X c E£ is said to be 8-convex, provided that’ X is convex and X = 
NM (X + S) for S «8. The space is said to be S-locally convex if the $-convex 
neighborhoods of 0 form a basis. If we replace $ by the collection of the closures 
of its members, local convexity does not change. When § reduces to or rather con- 
tains 0, S-convexity and S-local convexity reduce to the usual convexity and local 
convexity. Further, let A be a commutative algebra (always containing the unit) 
of operators on E. For every ideal J « A, denote by JE the vector subspace, clearly 
invariant under A, spanned by the 7'(x), with T «J and x « E; and by A/I the resi- 
due of J. Letting 9 be a collection of ideals in A and putting $(9) = {JE; 1 « st, 
then £ is said to be locally convex with respect to 9 if E is $(9)-locally convex in the 
above sense. Alternatively, calling @ a category of commutative real algebras 
with unit, Z is said to be locally convex under A with respect to @ in case £ is locally 
convex with respect to the collection $(@) of ideals J ¢ A such that A/I « @. 

An operator 7 on E is said to be bounded when the neighborhoods V of 0, for 
which there is \ = A(V) > O such that T7(V) ¢ AV, forma basis. More generally, 
the operators of a collection C are said to be similarly bounded if the neighborhoods 
V of 0, for which there is \ = A(V, 7) > 0 for every T ¢ C such that T(V) ¢ AV, 
form a basis. Boundedness of an operator implies its continuity. Both bounded- 
ness and similar boundedness reduce to continuity when E is a normed vector space. 
These concepts arise only in treating more general topological vector spaces. 

In the sequel we shall refer to the following conditions: (1) the topological vector 
space is locally convex under the algebra of operators with respect to the category 
of the completely real local algebras? of dimension less than a given integer k; and 
(2) the operators in the algebra are similarly bounded. 

We then have the following preliminary result: 

THEOREM |. Let E be a real® topological vector space and A a commutative algebra 
of operators on E. Assume that conditions 1 and 2 hold for Eand A. Calling F ¢ E 
a vector subspace invariant under A, then conditions 1 and 2 hold again for the quotient 
topological vector space E./F and the algebra of operators induced by A on E/F. 

From this theorem, we deduce the main result: 

THEOREM 2. Let E and A be as in Theorem 1, and assume that conditions 1 and 2 
hold. Then cospectral synthesis‘ holds for E under A. Every coelementary subspace 
is of codimension less than k and is contained in a unique maximal closed A-invariant 
subspace. Every maximal closed A-invariant subspace is of codimension 1. Calling 
F ¢ Ean A-invariant subspace, we have F = 1\,F + 1E, I being an arbitrary ideal 
in A such that A/T is a completely real local algebra of dimension less than k, if and 
only if F is closed. 

Conditions 1 and 2 are preserved under passage from E to a vector subspace F ¢ 
FE and from A to a subalgebra B c A such that F is B-invariant, i.e., conditions 1 
and 2 hold again for F and the algebra induced by B on F. 

A direct proof of Theorem 2 can be given by representing E as a space of gener- 
alized differentiable functions, the operators of A appearing as multiplications by 
suitable functions. 
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Concerning condition 1, we remark that, for the purposes of Theorems | and 2, 
it is not sufficient to consider the category of all commutative real algebras with 
unit of dimension less than k, as the case k = 2 and known facts in the ideal theory 
of complex Banach algebras already show. 

Concerning condition 2, we notice that Theorems | and 2 fail to remain true as 
they stand, even in case k = 1, if we drop out this condition. This is closely related 
to the classical Bernstein approximation problem, recently solved by Pollard.’ 
In fact, let E be the vector space of all real-valued continuous functions f on the 
real axis R which are rapidly decreasing at infinity, i.e., x"f(x) + 0 as x—~ © for 
n = 0,1, ..., this space being provided with the topology defined by the norms 


fll, = supp |a"f(x) | (n = 0,1, ...). Consider the algebra A of operators on E, 
each of which consists of multiplication f > pf by a fixed real polynomial p. Then 
E and A satisfy condition 1 with k = 1, but not condition 2. Let f « BE be chosen 
so that f(x) > 0 for all x « R and the {pf} are not dense in the space of all real- 
valued continuous functions on R vanishing at infinity, provided with the topology 
of uniform convergence on R. Then the closed A-invariant subspace F generated 
by f in E is proper, but it fails to be contained in any closed A-invariant subspace 
of codimension 1. Also, #/F and the algebra of operators:induced by A on E/F 
fail to satisfy condition 1. The Bernstein problem does not appear here acciden- 
tally. From the use we make of condition 2 in the proofs of Theorems | and 2, 
we realize that the situation where we have E and A with condition 1 and k = 1, 
but not condition 2, constitutes a natural generalization of the Bernstein problem, 
the generalized problem consisting, then, in finding necessary and sufficient condi- 
tions for a given A-invariant subspace to be dense in # and further studying the 
closed A-invariant subspaces from the point of view of cospectral synthesis. We 
do not know, however, what form Pollard’s theorem would take in this more gen- 
eral context. 


* The work reported in this note was done while the author was a fellow of the Rockefeller 
Foundation on leave of absence from the University of Brazil, Rio de Janeiro. 

1 See H. Whitney, “On Ideals of Differentiable Functions,’’ Am. J. Math., 70, 635-658, 1948; 
L. Schwartz, ‘Analyse et synthése harmoniques dans les espaces des distributions,’ Can. J. Math. 
3, 503-512, 1951; L. Schwartz, “Les théoremes de Whitney sur les fonctions differentiables,”’ 
Séminaire Bourbaki, Mars, 1951. Related results appear in L. Nachbin, “Sur les algebres denses 
de fonctions différentiables sur une variété,’’ Compt. rend. Acad. sci. (Paris), 228, 1549-1551, 1949. 
We assume that m,n = 0 are finite integers, the case n = © being an easy consequence. 

2 A completely real local algebra is a commutative associative algebra with unit over the reals, 
with a unique maximal ideal, the codimension of which is 1, i.e., the residue modulo it being again 
the reals. 

3 The restriction to real spaces is due to known phenomena in complex Banach algebras, both in 
their ideal theory as well as in the case of the complex Weierstrass-Stone theorem. To treat the 
complex case, we would have to assume further that the operators form a *-algebra. 

4 A coelementary subspace is a closed A-invariant subspace which is proper but is not the inter- 
section of the closed A-invariant subspaces properly containing it. Cospectral synthesis holds if 
every proper closed A-invariant subspace equals the intersection of the coelementary subspacer 
containing it. Elementary spaces and spectral synthesis refer to the dual notions. 

5 See H. Pollard, ‘The Bernstein Approximation Problem,’’ Proc. Am. Math. Soc., 6, 402-411, 
1955, and the references to the related work of the Russian school quoted there. 
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